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Abstract 

 

Soil degradation caused by salinization and/or sodification is of great concern in 

modern world because it reduces potential of agricultural lands. It usually leads to 

deteriorate soil properties like structure, water retention, porosity, electrical conductivity, 

sodium adsorption ratio and soil flora and fauna. Mostly saline-sodic and/or sodic soils 

have poor internal drainage which otherwise is pre-requisite for their reclamation. The 

present studies were conducted to evaluate differential response of soil texture for 

leaching of salts under different treatments. Three experiments were conducted in the 

wire house to evaluate the leaching response of different textured (loamy sand, silty clay 

loam and sandy clay loam) soils. In Study1, different pore volumes of water were added 

to evaluate the leaching response of different textured soils. The highest amount of salts 

was removed from SCL soil (1943 kg ha-1) with leaching fraction (LF) 0.59 with the 

application of four PV water. The decreasing order of treatment effectiveness for salt 

removal was T3 > T2 > T4 > T1 with LF 0.69, 0.64, 0.61 and 0.60, respectively. The ECe 

of 0-25 cm columns (post-experiment) decreased from 8.2 to < 4 dS m-1 in LS with 2.0 

PV (1.88 cm), from 33.9 to < 4 dS m-1 in SCL with 2.5 PV (2.67 cm) of applied water 

and SiCL with 2.5 PV (2.72 cm) of water, it decreased from 23.9 to < 4 dS m-1 only of 0-

10 cm of soil layer. Regarding SAR, 2.5 PV of applied water decreased SAR to < 13 in 

LS up to 0-20 cm depth, 0-10 cm soil depth of SiCL and 0-15 cm soil depth of SCL. It 

was found that leaching of soluble slats does occur with simple addition of water of any 

quality in different textured saline-sodic soils but could convert these into sodic soils if 

external source of Ca2+ is not added. In study 2, irrigation water of different EC : SAR 

ratios was used after amending different textured soils with gypsum @ 100% soil gypsum 

requirement (SGR), farm manure (FM) @ 10 Mg ha-1 and mulch @ 10 Mg ha-1. It was 

observed that amendments significantly decreased pHs, ECe and SAR of all the three soils 

using different EC: SAR ratio waters. With four PV of applied water, LF of 0.75, 0.77 

and 0.78 was attained that removed 3008, 4965 and 5048 kg ha-1 salts in LS, SiCL and 

SCL soils, respectively. For the 1st, 2nd, 3rd and 4th irrigations with LF of  0.82, 0.79, 0.75 

and 0.71 removed 5682, 5000, 3967 and 2941 kg ha-1 salts, respectively. For 

amendments, the decreasing order for salt removal was FM > G > M > C with LF= 0.85, 
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0.84, 0.71 and 0.68. The use of amendments in all the three soils decreased the pHs, ECe 

and SAR of soils that depended upon with different EC to SAR ratio of irrigation waters. 

Overall, decreasing order of effectiveness of amendments for soil amelioration was FM > 

G > M > C. 

In Study 3, pot experiment was conducted following sorghum-oat and rice-wheat 

crop rotations with same amendments as for Study 2. Three different waters (EC 0.6 + 

SAR 6, EC 1.0 + SAR 12 and EC 2.0 + SAR 18) were used for irrigation. The results 

showed that as the brackishness of water increases more salts leached. Water of different 

EC : SAR ratios (EC 0.6 + SAR 6, EC 1.0 + SAR12 and EC 2.0 + SAR 18) were applied. 

From results, it may be inferred that 1 PV of brackish water with higher EC: SAR (EC 2 

and SAR 18) ratio could be used beneficially, if proper amendments are selected. For rice 

crop, the order of effective amendments was in the decreasing order of G > FM > M > C. 

With sorghum, the order was FM > G > M > C. For wheat, the order was FM > G > M > 

C, and for oat it was G > FM > M > C. Leaching effectiveness decreased with increasing 

irrigation water salinity without accumulation of salts in soils. It depicts that for initial 

reclamation of salt-affected soils, low quality irrigation waters could be useful and 

sometimes even better with amendments than canal water alone owing to favorable effect 

of electrolytes in former water on soil infiltration and hydraulic conductance. In the 

present studies, salt removal from soils was the lowest when LF was 0.20 and was the 

highest when LF was 0.32, i.e. direct positive relationship. 

The Study 4 was conducted under field conditions following rice-wheat crop 

rotation using saline-sodic water (SSW), canal water (CW) and their combination. The 

amendments applied in sub-plots were control, gypsum at 100% SGR, FM at10 t ha-1 and 

mulch at10 t ha-1.  The soil reclamation with respect to pHs, ECe and SAR remained 

considerably better with the application of gypsum and FM. Overall, the results indicate 

that amendments like gypsum, FM and mulching could favor the desodication of saline-

sodic soils. The soil reclamation with respect to pHs, ECe and SAR remained 

considerably better with the application of gypsum and FM with all the irrigation waters. 

It is concluded that cyclic use of SSW and CW could be better for initial reclamation of 

SiCL soil by following rice-wheat crop rotation. The salt leaching efficiency decreased 

over time, being highest after rice crop that decreased with time. Gypsum and FM 
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application significantly increased crop yields even with SSW irrigation. Net benefit from 

rice-wheat rotation was the highest with FM receiving SSW−CW followed by gypsum. 

Hence gypsum and FM amendments are essential for growing crops during soil 

reclamation, even if poor quality water is used for irrigation. Since salinity/sodicity has to 

persist in irrigated agriculture, under arid land conditions, a strong follow up program in 

such mega development projects must be ensured to harvest maximum and sustainable 

benefits from such activity. 
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CHAPTER 1 

INTRODUCTION 

 Land degradation by salinity, sodicity or combination of both is one of the major 

impediments to agricultural productivity throughout the world. Most salt-affected soils 

occur under arid and semi-arid climates. Around 800 million hectares (mha) of land (5-

6% of world total land area) are salt-affected (Munns and Tester, 2008). Salinity and/or 

sodicity in profile layers are major abiotic environmental stresses to crop production 

(Grewal, 2010). In Pakistan, approximately 26% of total irrigated land is salt-affected 

(Anonymous, 2010). The problem of salt-affected soils is not new but its intensity has 

been increasing because of poor management practices and inappropriate amelioration 

procedures. 

 Pakistan lies between Latitudes 24º to 37º North and Longitudes 61º to 76º East in 

the northern hemisphere. Out of its total geographical area of 79.61 mha, 23.04 mha is 

cropped land (GOP, 2010). Hydrologically, the country is divided into three main units of 

(a) Indus Basin (b) the Kharan Basin, and (c) the Mekran Coastal Basin. The Indus Basin 

comprises of the most important agricultural area of this country with a typical feature of 

arid to semi-arid climate. The rest of the two basins are dry and comprise of several small 

streams, which generally remain dry and, during rainstorms, often produce flash floods. 

The agriculture in the Indus Basin is not only a matter of food security for the country but 

also has established itself as an engine of economic growth. It contributes nearly 24% to 

GDP and 67% rural populations rely in one way or another on this sector (Sheikh, 2004).  

 The main sources of salts in semi-arid regions include native salts in parent 

material, canal and ground water irrigation, agro-chemicals and rainfall. These sources 

have resulted dominantly in three different classes of salt-affected soils from the 

management prospective. These classes are: saline, saline-sodic and sodic soils 

(Rengasamy and Olsson, 1993; Ghafoor et al., 2004; Makoi and Ndakidemi, 2007). 

 In arid and semi-arid regions, agriculture depends on irrigation water which is under 

control with respect to time and amount of application. The volume of canal irrigation 

water is, however, insufficient to support agriculture in the Indus Plains. Hence, a 
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supplemental source of water has to be made available from the ground water reservoir 

and agriculture drainage water for horizontal and/or vertical expansion of agriculture. In 

order to meet this shortage, more than 0.8 million tube wells have been installed in the 

Indus Basin of Pakistan. The pumped ground water from these tube wells is 6.77 million 

cubic meter and is of marginal to hazardous quality due to high levels of electrical 

conductivity (EC), sodium adsorption ratio (SAR) and/or residual sodium carbonate 

(RSC) which reduces crop yields (Latif and Beg, 2004; Murtaza et al., 2009; 

Anonymous, 2010). 

Reclamation of salt-affected soils starts by the downward movement of salts from 

plough layer. The percent of salts removed from surface layer to lower depths during 

leaching determines the degree of reclamation. Because it is mainly governed by the 

quantity of water passed through the soil. Saline soils are usually reclaimed by ponding 

water on the soil and removing the leached salts to a sink (drainage or groundwater). But 

reclaiming saline-sodic/sodic soils requires removal of Na
+
 from the soil's cation 

exchange sites usually by treatment with Ca
2+

 and leaching of the replaced Na
+ 

out of the 

root zone by percolation (Ghafoor, 1984; Ahmad et al., 1990). Because of its low cost, 

general availability, and rich supply of Ca
2+

, gypsum is the most extensively used agent 

for the reclamation of saline-sodic soils (Oster, 1993; Bajwa and Josan, 1989; Murtaza et 

al., 2009). Although many sodic and saline-sodic soils of Pakistan contain source of 

calcium, i.e. calcite (CaCO3) at varying depths (Choudhry, 1982). Owing to its extremely 

low solubility, this Ca2+ does not contribute significantly to soil amelioration. 

Amelioration of saline-sodic and sodic soils with chemicals is an established technology 

(Shainberg et al., 1989; Gupta and Abrol, 1990). Chemical amendments can tackle the 

problem in two ways. First, CaSO4.2H2O or CaCl2.2H2O applications supply soluble Ca2+ 

directly (Oster, 1982; Frenkel et al., 1989; Ghafoor et al., 1990; Arora and Singh, 1980). 

Second, the native insoluble Ca2+ can be solubilized by addition of H2SO4, HCl, S, FeS2 

and CaS5, FeSO4.7H2O, Al2(SO4)3.18H2O (Ghafoor and Muhammed, 1981; Ahmad et al., 

1986), sulphur, or iron and aluminium sulphates (Chaudhry et al., 1982). Application of 

these amendments followed by leaching can ameliorate saline-sodic soils. However, the 

initial cost of these amendments restricts their potential use, especially by farmers with 

limited funds (Ahmad et al., 1990; Bajwa et al., 1989).  
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 The cation exchange between Ca2+ and exchangeable Na
+ 

can take place only in 

solution. In fine-textured soils, the slow infiltration of water in the soil reduces the 

exchange process. Uniform mixing of gypsum in the upper soil layer speeds the exchange 

process (Oster, 1982; Frenkel et al., 1989). If the soil profile permeability is low or a 

water-restricting layer exists, mixing of gypsum will not be effective unless sodium is 

removed laterally. To monitor leaching effectiveness during the reclamation process, soil 

samples can be taken periodically and analyzed. Also, salt-sensors can be used to monitor 

salt movements in the profile (Hoffman, 1986), but are not useful in describing soil 

chemical properties, such as SAR and pH. Many previous studies involved with 

reclamation of saline-sodic soils have been done in laboratories with closely defined 

physio-chemical properties, mostly of the surface soil layer. Only limited field data are 

available on downward removal of soluble salts. The cultivation of crops, like Leptochloa 

fusca (kallar grass) and Sesbania (Qadir and Oster, 2002) has also been recommended to 

help dissolve native calcium in soils. The most economical and popular among all the 

amendments is gypsum (Ghafoor et al., 2008). Organic compounds and exudates released 

by the plants (Dormaar, 1988) decreased soil pH (Mashali, 1991) which increased 

dissolution of soil lime. This process is further enhanced due to release of CO2 during the 

decomposition of organic matter and root respiration (Qadir et al., 2001). Plant growth in 

saline/saline-sodic soils decreases soil salinity/sodicity with the passage of time (Abrol et 

al., 1988), roots increased soil permeability (Elkins, 1985) and influence nutrient 

availability (Ilyas, 1990). 

 Wheat (Ttriticum aestivum L.) and rice (Oryza sativa L.) crops are important 

sources of staple food and are grown on a large scale to fulfill the demand of the ever 

increasing population. Sorghum (Sorghum bicolor L.) is grown during summer and Oat 

(Avena sativa L.) during winter as fodder for livestock. Wheat and sorghum are 

moderately salt tolerant crops while rice is relatively less tolerant to salinity but more 

tolerant to sodicity (Maas and Hoffman, 1977). Reduction in yield is common with the 

use of poor quality irrigation water, the magnitude of which varies under different agro-

climatic conditions. For example more reduction in wheat yield was observed in clay 

loam than sandy loam soil having ECiw (3.2 dS m-1) at Mona Project area in District 

Sargodha (Chaudhry et al., 1983). 
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Plants can also change the chemical properties of saline-sodic soils). These 

changes occur during the release of organic carbon and exudates. Changes in soil pH the 

addition of organic matter and nutrients and the increased dissolution of lime in the 

presence of CO2 
evolved from decomposition of organic matter and plant root respiration 

are additional soil alterations ( Dormaar, 1988; Gupta et al., 1988; Ahmad et al., 1990) . 

Only a limited amount of work demonstrates that crops can change the chemical 

properties of saline-sodic soils during reclamation. The effects of chemical amendments 

like gypsum and the deep-rooted crops like sesbania alone or in combination for 

reclamation of saline-sodic soils have not been widely studied, particularly in Pakistan. 

The present studies focuses on an effort to leach down different textured saline-sodic 

soils with/without amendments using simple water, brackish water and growing crops to 

devise an appropriate and economical technology for increasing yields from these 

problem lands. The amount of leaching water and the amount of time required to reclaim 

a soil will depend on the depth of soil to be reclaimed, the initial salinity level, the type of 

salts present and soil characteristics such as texture, structure, infiltration and 

permeability. The liquid passing through soil is referred to as leachate or infiltrate which 

contains a mix of dissolved salts and/or suspended particles. Leaching is a function of 

several factors those also affect the amount, rate, direction and quality of leachate. 

Leaching of soluble salts from root zone is essential to maintain soil productivity through 

influencing distribution and removal of soluble salts from profiles and prevent their 

accumulation in the root zone of irrigated soils. Leaching requirement to sustain such 

conditions has been determined earlier by several workers which ranged from 0.30 to 

4.43 cm of water per cm of soil depth and varied with soil types (Singh, 1996; Singh and 

Bhargava, 1995; Singh and Kundu, 2000; Kuligod et al., 2002; Mostafazadeh-Fard et al., 

2008). It is, therefore, necessary to know the response of different textured salt-affected 

soils for leaching salts with different amounts of irrigation water, to determine the most 

effective combination of soil texture and volume of water to be applied (LR indirectly) 

for the control of salt accumulation in dry lands. 

 Keeping in view these considerations, the studies reported here were planned with 

the following specific objectives: 
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1. To determine leaching requirement of different textured saline-sodic soils and 
establishing relationships between volumes of water applied and salt removal 
from different soil depths. 

2. To evaluate differential response of soil texture for leaching of salts with 
amendments under brackish water of different EC:SAR ratios 

3. To evaluate changes in electrochemical properties of growth medium as affected 
by plant species with or without amendments using marginal quality of irrigation 
water 

4. To asses amelioration of saline-sodic soils with amendments under canal water, 
brackish water and their combinations. 
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CHAPTER 2 

REVIEW OF LITERATURE 

 

 Degradation of soil caused by salinity/sodicity is problematic in modern world 

because it reduces agricultural lands (Sadiq et al., 2007). Degradation is the process 

whereby a compound is transformed into simpler products although such products may 

be even more complex than initial material (Ghafoor et al., 2004). Hence soil degradation 

is the transformation of soil by different agencies resulting in a soil having properties less 

favorable for agricultural crop growth. Soil degradation could be natural or caused by 

intensification of cultivation by unsuitable techniques. It usually damages soil properties 

like structure, water retention, porosity, EC, SAR and soil flora/fauna. Land degradation 

therefore characterized for effective management and sustainable agriculture.  

 Irrigated agriculture, no more a choice but important need, plays an important role 

in increasing food supply to mankind. The accumulation of large amounts of salts in soil 

profile plays a major role in limiting agricultural productivity under irrigated agriculture. 

The soils of Pakistan also experience a very high evaporation rate. Under such climatic 

conditions, formations of salt-affected soils are a natural consequence. The magnitude 

and intensity of salination/ sodication have been increasing. Large-scale efforts were 

made to bring additional marginal lands under cultivation.  

 The problem has been made worse by the development of irrigation systems 

without provision for drainage. It was aggravated by unscientific water management 

practices and inappropriate reclamation procedures such as obstruction of natural 

drainage, construction of roads and buildings etc. Pakistan is facing shortage of good 

quality water for agriculture because of increased cropping intensity and competition 

from non-agricultural sectors for fresh water (Murtaza et al., 2009; Ghafoor et al., 2010). 

Most of the ground or drainage water is of poor quality (Ghafoor et al., 2002b). This fact 

requires technology development and adoption for using poor quality water at or near 

source for crops and/or reclamation of salt-affected soils for vertical and horizontal 

production along with eliminating the environmental risks. Different amelioration 
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methods were adopted to counter adverse effects of irrigation water on physical and 

chemical properties of salt-affected soils, through crops, amendments and tillage 

practices. Following sections pertain to brief review on different aspects of salt-affected 

soils, use of marginal quality waters for irrigation and efforts made for their production 

and economic utilization on sustainable basis.  

2.1. Extent, nature and genesis of salt-affected soils 

Presence of salts in soil profile is a major factor hampering plant growth and 

productivity in the world and Pakistan is no exception to this menace. Approximately 

10% of the world’s arable land surface (7 × 109 ha) are salt-affected. The percentage of 

lands under irrigated agriculture, which has been affected by salts, is much greater and 

the area under the threat of salination/sodication is several folds. According to 

FAO/UNESCO recent reports, the total area under salinity/sodicity was 831 mha at the 

global level (Martinez-Beltran and Manzur, 2005). In Pakistan it covers an area of about 

6.68 mha, of which about 26% of irrigated land is saline (Khan, 1998; Zhu, 2001; 

Anonymous, 2010). Historically, soil salinity contributed to the decline of several ancient 

civilizations. Thus salt accumulation is soils and water is becoming a leading process 

contributing to worldwide biological catastrophe.  

 Soils having soluble salts in solution and/or Na+ ions on exchange sites exceeding 

certain limits that can adversely affect soil plant health are called salt-affected soils. Salt-

affected soils are classified in to three categories namely saline, saline-sodic and sodic 

(US Salinity Lab. Staff, 1954; Ghafoor et al., 2004). This classification is based mainly 

on total soluble salts and SAR of a soil system. Terms like black alkali (sodic), white 

alkali (saline), solonchak (saline) and solontez (sodic) also exist for these categories in 

some parts of the world. In Pakistan “Kallar” is used as general term for salt-affected 

while “Thur” and “Bara” terms are in practice for saline and sodic soils, respectively. The 

Soil Survey of Pakistan use the criteria as given by the United States Department of 

Agriculture (US Salinity Lab. Staff, 1954) for classification of salt-affected soils by 

taking into consideration the laboratory determined EC and SAR levels as well as 

morphogenesis of the soil profile (Hulisz, 2008). ECe ≥ 4 dS m-1 and SAR < 13 (saline 

soil), ECe < 4 dS m-1 and SAR ≥ 13 (sodic soils) and ECe and SAR ≥ 4 dS m-1 and ≥ 13 

(saline-sodic) are termed as salt-affected soils. In Pakistan, most of the salt-affected soils 
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are located in the heart of important agricultural tract, i.e. the Indus Plains which is 

perhaps the largest contiguous level block under irrigated agriculture. 

 Thus it is evident that salinity/sodicity menace is threatening the irrigated 

agriculture, on regional as well as global scale. There seems to be a strong need to tackle 

the situation well in time through the application of suitable amendments. Despite the 

fascinating management technologies available today, salinization and sodication of 

millions of hectares of land continues to severely reduce crop production.  

 The major sources of salts in Pakistan are exposed rocks and minerals contained 

crust, river and ground water, seawater intrusion and sea sprays in coastal areas. Limited 

rainfall, high evapotranspiration and high temperature along with poor soil and water 

management practices are major causes of salt-affected soils. The most widespread are 

the weathering of parent minerals (fossil salinity/ sodicity) or from unscientific 

management of land and water resources (secondary salinity/sodicity). The problem of 

salt-affected soils in Pakistan is considered as “water excess-water shortage dilemma”. 

There is an excess of water below the soil surface because of shallow water table and a 

shortage of good quality water for irrigation. These two in association with hot and dry 

climate have caused an unfavorable redistribution of salts in the soil profile, resulting in 

their accumulation in the root zone (Azevedo Neto et al., 2006). 

 Soils of arid regions like Pakistan generally contain Ca2+, Mg2+ and Na+ as the 

dominant cations in the solution phase. The principal anions are SO4
2- and Cl- with some 

amounts of HCO3
- and CO3

2-. High temperatures cause evaporation that increases 

concentration in the soil solution, leading to the precipitation of Ca 2+ as CaCO3 and, to a 

lesser extent, CaSO4 while Mg2+ may precipitate as MgSiO3. This causes an increase in 

the Na+: (Ca2++ Mg2+) ratio of the soil solution. Because of a dynamic equilibrium 

between the solution cations and those present on the exchange complex, more Na+ ions 

are adsorbed by soil colloids. This results in a steady rise in SAR as well as exchangeable 

sodium percentage (ESP) of soils. As a consequence, saline soils are converting into 

saline-sodic soils. In sodic and saline-sodic soils, using high electrolyte waters with low 

concentrations of sodium (Na+) could be useful during the initial phase of amelioration 

(Singh, 2005; Ghafoor, et al., 2004; Ghafoor et al., 2008).  



 12

 It is well known that before the development of canal system in Bars/Doabs, the 

ground water table was below 33 m. The seepage from canal irrigation system helped 

raise the ground water which was well realized in 1930 when the area was found 

waterlogged. Accumulation of soluble salts and/or exchangeable Na+ results in 

multifarious mechanisms and could be assessed through effects on soils, plants, farmers, 

and national economics. Overall huge losses have been observed at different levels of soil 

salinity/sodicity.  

 Irrigation system of Pakistan comprise of three reservoirs, twenty three barrages, 

forty five main canals and one million water courses. Ground water in most of the areas 

was sufficiently deep below 33 m before introduction of surface irrigation system. But 

with operation of this system without adequate drainage, water table started to raise 

leading to waterlogging and salinity in many parts which were further aggravated due to 

flat topography, seepage from unlined channels, poor irrigation management and use of 

brackish water for irrigation (Ghafoor et al., 2004). 

2.2. Relationship between soil properties and salinity/sodicity 

Soil texture plays an important role in all aspects of irrigation, and the role of soil 

texture with respect to the effect of salinity and sodicity is no exception. Texture is 

strongly correlated with a soils ability to percolate water (permeability and infiltration), 

how much water the soil can store (available water holding capacity), and the soil's 

ability to adsorb or desorb chemical ions (exchange capacity) (Buckman and Brady, 

1967; Miller and Donahue, 1995). Clayey soils have relatively high water holding 

capacities and are slow to drain because of their smaller pore diameters. Conversely, 

sandy soils retain less water and are faster to drain. Under normal irrigation practices, 

sandy soils will have naturally occurring greater leaching fractions (loss of water from 

the root zone) than clay soils when both soils are irrigated with equal volumes of water. 

Correspondingly, sandy soils can withstand higher salinity irrigation water as more of the 

water, and hence salts, will be leached beneath the root zone.  

A second important aspect of soil texture is the fact that clays generally 

compromise the majority of cation exchange sites in soils. This is because clays, by virtue 

of their small particle size, have the most surface area, and therefore the most exchange 

sites. Consequently, clay soils have the greatest risk for excess sodium binding and 
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dispersion. Sands, with their substantially larger particle size, have less total surface area, 

and therefore fewer exchange sites. Silts fall somewhere in between the both (Buckman 

and Brady, 1967; Miller and Donahue, 1995). 

Adsorption of sodium onto the soil exchange sites is dictated by the chemistry of 

the soil solution. When irrigation water with high concentrations of Na+ relative to the 

concentration of Ca2+ and Mg2+ enters the soil solution, cations on the exchange sites of 

the soil particles begin to reflect the higher Na+ concentrations (Hanson et al., 1999; van 

de Graaff and Patterson, 2001). Eventually, new equilibrium chemistry between the 

exchange sites and soil solution will be achieved. As clay content increases, so does the 

time necessary to reach this new equilibrium. Correspondingly, the time to reverse the 

Na+ accumulation increases. Reduced permeability and hydraulic conductivity due to 

sodicity compound this problem. Thus, it is likely that soils with large clay fractions will 

not only be more prone to dispersion, but will also be more resistant to attempts to 

counter this increased soil ESP (Shainberg et al., 2001; Ghafoor et al., 2004; 

Mostafazadeh-Fard et al., 2008).   

 Overall clays are inherently more prone to dispersion than are silts and sands. More 

salts, including Na+, will accumulate in clay soils as opposed to sandy soils because of 

clay's inherently lower leaching fraction and greater exposed soil surface. Secondly, the 

chance for Na+ permeability problems is inherently greater in clay soils because of their 

structure. Third, the greater the clay content, the more time required to reverse the Na+ 

accumulation. Finally, it should be noted that clay soils are inherently more difficult to 

work with than sandy soils in terms of tillage, mechanical alteration, leaching, and 

drainage, especially when they become dispersed (Western Fertilizer Handbook, 1995). 

In general, more dispersion takes place in clay soils than in silt and sand. Sandy soils 

have more leaching fraction as compared to clay and silt dominated soils. Clay soil has a 

large exposed surface and a lower leaching fraction. Drainage can be a problem in clayey 

soils due to their fine structure. Clay soils are difficult to manipulate, difficult to till, 

leach and drain when they are dispersed. Ayers and Westcot (1985) in their paper 

concluded that soils which are dominated by montmorillonite have less permeability than 

illite-vermiculite and kaolinite-sesquioxide clays. It is because of structure and crystal 

lattices of clay.  
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2.3. Ameliorant of salt-affected soils 

 Reclamation of salt-affected soils can be done by several methods. Suitability of 

each method depends on physical, chemical and mineralogical characteristics of the soil 

such as internal soil drainage, presence of pans in the subsoil, climatic conditions and 

types of salts, quality and quantity of water, depth of ground water, replacement of 

excessive exchangeable Na+, lime or gypsum, cost of the amendments, topographic 

features of the land, and the time available for reclamation (Mashali, 1991; Huertas et al., 

2008). The appropriate management of the constrained soil resources for the economic 

agricultural production is the main emphasis in agriculture. There are different 

approaches for reclamation of salt affected soils. The prominent ones are chemical, 

biological and agronomic. The combination of these approaches increases the efficiency 

but also reduces the time of reclamation. The crop production and fertilizer use efficiency 

of these soils can be increased by an integrated approach, i.e. use of amendments 

preferably gypsum and organic/ inorganic manures which helps in maximizing and 

sustaining yields, improving soil health and input use efficiency (Swarp, 2004). 

 Saline soils are generally reclaimed by leaching with excess water that carries salts 

into the deeper soil layers. The quantity of water needed to leach through the soil profile 

and remove salts depends primarily on the initial soil salinity, technique of water 

application and soil type. Water suitable for irrigation is normally considered suitable for 

soil reclamation (Hoffman, 1986). For sodic/ saline-sodic soils, reclamation generally 

proceeds by adsorption of Ca2+ on the exchange complex and the replacement of Na+ 

with soluble salts to lower depth (Qadir et al., 2001). It is achieved by leaching after 

adding chemical amendments to soil or irrigation water. Leaching is one way for removal 

of soluble salts. Large amounts of fresh water are added to the field and dissolved salt 

removed from field through nearby drain system. The collected water can then be treated 

further to remove the dissolved salts (Li and Keren et al., 2009), organic or biological 

amendments (Qadir et al., 2007) with certain flow of water through soil. Chemical 

amendments are materials that supply divalent cations (usually Ca2+) for replacement of 

adsorbed Na+. Organic and biological amendments act like acids to solubilize native lime 

sources. Thus reclamation requires a certain flow of water through the profile. In addition 
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to tackling salinity/ sodicity, soil reclamation considers stable porosity that provides an 

environment favorable for growth and development of plant roots. 

 An efficient and low cost method is required for improving saline soils. These 

methods include (1) leaching without amendment application, generally applicable to 

ameliorate gypsiferous soils (2) application of high electrolyte water containing divalent 

cations, high-salt-water dilution, (3) use of chemical amendments, both inorganic and 

organic, (4) soil profile modification through tillage, (5) horizontal flushing after 

amendment application to ameliorate low-permeability sodic soils where vertical 

leaching is not efficient, (6) phytoremediation deals with certain plant species, tolerant to 

salinity and sodicity levels, without use of amendment (Qadir et al., 2006; Shamim et al., 

2009). 

 Since sodic soil amelioration needs a source of Ca2+, such source may occur 

inherently in some sodic soils as gypsum or calcite at varying depths. Gypsiferous soils 

supply Ca2+ from gypsum. These soils are usually dominated by a gypsic horizon. In 

amelioration of saline-sodic soils, gypsum is used as agricultural lime but it is to some 

extent expensive. Moreover, the efficiency of gypsum application decreases due to its 

precipitation by CO3
2- and HCO3

-
 dissolution, forming insoluble CaCO3. Owing to greater 

solubility of gypsum, there is a general tendency of gypsiferous soils to provide higher 

levels of Ca2+ than calcareous soils (Shamim et al., 2009). 

 If a gypsum layer is present at the surface with adequate permeability and drainage, 

then leaching can be successful to ameliorate such soils. During the amelioration process, 

the solubility of gypsum can be enhanced. The quantity of water required for the 

amelioration of gypsiferous sodic soils can be calculated from equation proposed by 

Hoffman (1986). He summarized the results of several field trials, in different parts of the 

world, and developed a relationship between the fractions of salt concentration in the 

profile and the amount of water infiltrating through the profile with depth, when water is 

ponded on soil surface. 

 (C/CO) (DW/DS) = K     

Where C/CO is the fraction of salt concentration remaining in the soil profile, DW is depth 

of water infiltrated, DS is the soil depth leached and K is constant for the soil type.  
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Amelioration of salt-affected soils with leaching alone is slow to be economic. Although 

the solubility of calcite increases during leaching, the resultant levels of Ca2+ have not 

been found adequate to cause a significant decrease in soils sodicity. Application of an 

amendment is necessary that can either supply sufficient Ca2+ externally or help in 

solubilization of native calcite (Qadir et al., 2007). 

 Singh and Kundu (2000) studied leaching requirement of three salt-affected soils 

(two clay and one clay loam texture) of the Bhal region of Gujarat (India) in PVC 

columns of 0.35 m length and 0.11 m internal diameter. Soils had ECe 57 to 100 dS m-1 

and pHs 7.1 to 7.8 while SAR and ESP were not reported in the paper. Air dried soils 

were packed to a bulk density of 1.5±0.2 Mg m-3 in these columns, and different amounts 

of water were allowed to infiltrate through them. Leaching with 2.3 pore volume of water 

removed 94% of the total salts and decreased the EC from 57 dS m-1 to below 4 dS m-1 in 

0-30 cm column of clay soil (Vertic Ustochrepts). Leaching with 2.8 pore volume of 

water removed 97% of the total salts and thereby decreased the ECe from 100 dS m-1 to 

less than 4 dS m-1 for the clay texture soil. Leaching with 2.6 pore volumes of water 

added onto clay loam soil (Paralithic Ustochrepts) decreased the ECe from 99 dS m-1 to 

below 4 dS m-1 in the 0-25 cm column only by removing 97% of the total salts. 

 Mostafazadeh et al. (2007) concluded from their experiment that high saline water 

application in the soil will increase its salinity and sodicity. These were higher in the 

upper depth than the lower depth. High irrigation water salinity had no effect on acidity 

but it decreased the water holding capacity of the soil. As the fraction of water increased, 

the adverse effect of water salinity was minimized but it increases acidity. Leaching 

efficiency of soil decreased with increase in the salinity of irrigation water respectively. 

Li et al. (2004) used slightly saline groundwater (EC 1.6-2.7 dS m-1, SAR 2.2-4.8) 

to irrigate sorghum-corn crop rotation in a two-year field experiment in the Songnen 

Plain, northeast China. Infiltration rate with this saline groundwater increased from 12.1 

to 42 mm h-1. The improved soil conditions after leaching resulted in 59-84% increase in 

crop economic yields. For growing the two crops, a total of 400 mm irrigation water was 

applied, in addition to some supplemental irrigation water. The average ECe of the top 1.2 

m soil profile decreased from 14.5 ± 3.5 to 2.7 ± 0.2 dS m-1, i.e. 31.1% to 54.7% and 
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SAR decreased from 35.3± 4.1 to 10.1 ± 2.5. Salinity changes in the top 1.2 m of soil 

layers after 700 mm of leaching water produced no further improvement. 

 Leaching is considered a practical method for the improvement of saline soils. 

Quality and quantity of leaching water plays a key role in desalinization of these soils. 

Pot experiments were conducted by Mostafazadeh et al. (2008) with a silty clay loam soil 

to evaluate different qualities and quantities of drainage water during the growing season 

of wheat, a typical salt-affected soil in an arid region of the central part of Iran. The 

experiment comprised the treatments of three water salinities (4, 9 and 12 dS m-1) and 

four levels of leaching (3, 20, 29 and 37%). The results indicated that during the growing 

season the drainage water salinity was the highest for all treatments. Then it started to 

decrease and depending on the quality and quantity of leaching water it became nearly 

constant or decreased at the end of the growing season. The leaching of salts from the soil 

profile was more efficient during initial irrigation (1-2) and thereafter became less 

efficient. The increase of leaching levels had a significant role in decreasing drainage 

water salinity. The comparison with steady-state mass balance of soil salt, sodium and 

chloride showed that the simple ratio of chloride in irrigation water to chloride in 

drainage water can be used to estimate the leaching fraction of saline soils with high 

accuracy. 

 Saeed et al. (2007) conducted a field experiment on a saline-sodic soil with pH 

8.21-8.42, ECe 6.40-7.90 dSm-1 and SAR 17.8-23.5 mmolc L
-1 in a CRBD design with 

four repeats. The treatments employed were: Simple leaching (T1) and amelioration with 

different amendments like farm yard manure (FYM) @ 10 t ha-1 (T2), rice husk (RH) @ 

10 t ha-1(T3), FYM + RH @ 5+5 t ha-1 (T4) and gypsum @ 100% soil requirement (T5). 

Rice variety SARSHAR and wheat variety TD-1 were sown in rotation. The effectiveness 

of amendments was evaluated on soil physical and chemical properties and crop yield. 

The results showed that all treatments including control significantly lowered the soil pH, 

ECe and SAR levels after rice harvest. After wheat harvest, the slight increase in pHs and 

ECe were observed while the SAR levels decreased further. Despite this increase, the pHs 

and ECe remained significantly lower than original levels. The treatment order of SAR 

decrease was T5>T4>T2>T3>T1. Plant height and 1000 grain weight was found the highest 
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in T2 followed by T4. The highest wheat grain yield (kg ha-1) was recorded with T4 and 

lowest with T1. 

 In another study Murtaza et al. (1998) concluded that calcium losses during 

reclamation of clay loam saline-sodic soil having a low CEC with ECe 14.63 dS m-1, SAR 

130 (EC: SAR:: 1: 9.5) and CEC 7.83 cmolc kg-1. Agricultural grade gypsum was applied 

@ 0, 50, 75 and 100% SGR designed as T1, T2, T3 and T4, respectively. Five leachates 

were collected with canal water (EC 0.29 dS m-1, SAR 0.54), each equivalent to one pore 

volume (PV) of soil columns, were applied. After addition of each PV, leachates were 

collected and analyzed. The cumulative Na+ removed from soil was greatest with T3 

followed by T4, T2 and T1. Gypsum treatments significantly decreased the soil SAR and 

pHs. Overall, it was concluded that gypsum treatments for lowering soil SAR was in 

decreasing order of T4> T3>T2> T1 but effectiveness of treatments for decreasing ECe 

was in descending order as T3> T4 T2> T1, i.e. 12.6, 20.5, 25.7 and 36.6% salts leached, 

respectively after 5 PV of water added. 

 Ghafoor et al. (2001) performed a lysimeter experiment to evaluate the effect of 

leaching water having different ratios of ECiw to SARiw to reclaim different textured 

saline-sodic soils. The ECiw: SARiw ratios were 4:1, 2:1, 1:1, 1:2 and 1:4 at ECiw of 6 or 

12 dS m-1. The total water applied was equal to 3 PV in three equal splits. The EC and 

SAR of leachate remained statistically higher where ECiw: SARiw ratios of leaching 

solutions were lower than 1:1. The ECe, pHs and SAR decreased with all the treatments, 

decrease being statistically more with ECiw: SARiw ratio up to 1:1 or higher and was lower 

for loamy clay than that for the clay loam soil. In terms of salt removal, ECiw: SARiw 

ratios of  4:1, 2:1,1:1, 1:2 and 1:4 affected 76.3%, 90.9%, 87.2%, 91.8% and 94.5% salts 

with the application of 3 PV water for clay loam soil. The corresponding values for 

loamy clay soil were 82.2%, 76.6%, 85.9%, 80.4% and 97.2%. The saturated hydraulic 

conductivity (Ksat) decreased with the decrease in ECiw: SARiw and vice versa but was 

statistically higher for clay loam than that for loamy clay soil. It was concluded that better 

ECiw: SARiw ratios up to 1:1 for reclaiming clay loam and loamy clay soils at both ECiw 

levels of 6 and 12 dS m-1 were promising. The authors concluded that volume of leachate 

was the highest with ECiw: SARiw of 2:1 while was the lowest with canal water control. 

The leachate volume decreased with an increase in SARiw probably due to deflocculating 
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effect of SARiw on soils. Leachate volume was statistically more from clay loam than that 

from loamy clay soil indicating that higher clay contents and clay dispersion decreased 

the infiltration of applied water. 

 Gupta et al. (2009) conducted an experiment on sandy loam, silt loam and  clay 

loam soils to study the effect of distilled water on leachate, EC, pH, organic carbon, 

exchangeable sodium, calcium, magnesium, potassium and ESP. Six amendments, as 

distilled water of four concentrations as 10%, 20%, 30% and 40%, and gypsum at 100% 

SGR were used to reclaim soils of 20, 40, 60 and 80 ESP. Application of distilled water 

decreased pH and exchangeable sodium content and increased organic carbon, 

exchangeable calcium, magnesium and potassium of the soils. Decrease in ESP depends 

on concentration of distilled water and decrease in ESP was recorded with application of 

40% solution of distilled water. Extent of decrease in ESP with same concentration of 

distilled water leachate was also found dependent on clay content. It was less in clay 

loam soil than sandy loam soil. Results of this study indicated that distillery effluent 

could be used in amending sodic soils of different textures and ESP for improvement in 

physico-chemical properties and decrease in exchangeable sodium content. 

 From the above review, it may be concluded that the pore volume of water required 

to leach any amounts of salts in fine textured soil is higher than that from coarse textured 

soils. Equal pore volume of applied irrigation water leached more salts under saturated 

mode of application than that of transient mode of water application. An increase in ECe: 

SAR ratio water increased the hydraulic conductivity of soils, hence helped increase the 

leaching of salts from soils. Similarly, an increase in depth of applied water caused more 

decrease in EC, SAR and ESP of salt-affected soils. 

 In Pakistan, most of the ground or drainage water used is of poor quality (Ghafoor 

et al., 2002). This fact suggested technology development and adoption for using poor 

quality water at or near source for crops and/or reclamation of salt-affected soils for 

vertical and horizontal production along with eliminating environmental risks. The 

electrolyte concentration of water applied to ameliorate sodic soils is an important factor 

that influences water transmission rate through the soils during and after the amelioration 

process. The theory of cation exchange equilibria indicates that it may be possible to 

make use of high-salt water containing divalent cations Ca2+ for the replacement of Na+ 
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to aid in soil amelioration. The high salt-water method initially makes use of high 

electrolyte concentrations of the water on soil permeability and successive dilutions, of 

the “valence dilution” effect. The principle involved in the valence dilution effect was 

observed by Eaton and Sokoloff (1935) and Reeve and Bower (1960), among others. This 

effect may be expressed by considering soil-water system and an external source of water 

applied to the system. In a soil-water system where monovalents and divalent cations in 

solutions are in equilibrium with those adsorbed on the cation exchange sites, the 

equilibrium depends on the valence of the cations involved. A little or no change may 

occur if the cations added through water are of the same valency already present in the 

system, but when the cations of both the components are of unequal valence (a usual case 

under natural conditions), the adsorbed cations of lower valence, such as Na+, tend to be 

replaced by solution cations for higher valence, such as Ca2+, when the solution is 

diluted. The reverse is true when the soil solution is concentrated as a result of 

evapotranspiration.  

 Leaching of sodic soils with saline water can cause large increases in soil hydraulic 

properties without applying an amendments or using other soil amelioration methods 

(Reeve and Bower, 1960). However, the ratio of divalent to total cations in the applied 

water should be at least 0.3 (Reeve and Doering, 1966). This ratio is generally known as 

R value, expressed as: 

      R= (CCa + CMg) /CTC  

Where CCa and CMg represent concentrations of Ca2+ and Mg2+ and CTC indicates 

concentration of total cations, all expressed in mmolc L-1. Assuming that the applied 

water contains only four principal cations, i.e. Ca2+, Mg2+, Na+ and K+, the value of CTC 

may be considered equal to a sum of the concentration of such ions (CCa+ + CMg + CNa + 

CK ). However, there has been a common usage of estimating from EC of irrigation water  

CTC = 10 (EC) 

 The greater the R value the lesser the amount of water required for soil 

amelioration. Thus, high electrolyte concentration and presence of divalent cations in 

sufficient concentration in water are the two prerequisites for reclamation. Some natural 

waters meet the R value criterion, but in many cases some additional Ca2+ is required to 

obtain this ratio. The additional Ca2+ can be introduced by (1) by placing gypsum stones 
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in the water channels to add Ca2+ in the salty water through the stone dissolution (2) 

applying gypsum to the soil followed by leaching with high salt water. Techniques are 

available that demonstrate the addition of Ca2+ in flowing irrigation water with 

dissolution of gypsum fragments (Ahmed et al., 1987).  

 Equilibration with successive dilution of saline water tends to reduce both the soil 

salinity and sodicity. For a sandy loam soil (pHs= 8.6, ECe= 4.4 dS m-1, ESP = 39) , a 

hyper-saline water without dilution resulted in hydraulic conductivity of 1.6 × 10-6 as 

compared to its four times dilution with Colorado River water, which had hydraulic 

conductivity 1.56 × 10-6 m s-1. The hydraulic conductivity was further decreased (1.17 × 

10-6 m s-1) when the hyper-saline water was diluted eight times while lowest hydraulic 

conductivity (5.56× 10-8 m s-1) was obtained when the soil columns were leached with 

Colorado River water only. The depth of water required for sodic soil amelioration with 

high-salt method is generally large, particularly when the soil is fully equilibrated with 

each successive dilution of water. Applicability of high-salt water dilution method may 

exist wherever saline waters are available for amelioration. Potential sources of highly 

saline waters include underlying groundwater, large surface drains carrying brackish 

water, saline inland lakes, and ocean estuaries. This method is particularly effective if: (1) 

saline under amelioration has smectite type clay minerals, which have extremely low 

hydraulic conductivities, (2) soil physical condition has deteriorated and hydraulic 

conductivity is so low that the time required for amelioration or the amount of 

amendment required is excessive, and (3) the irrigation water to be used following 

amelioration is so low in electrolyte concentration that water transmission would 

decrease adversely. 

 However, possible problems with this method are (1) inadequate concentration of 

divalent cations in the water, particularly Ca2+, i.e. in most cases, the R value is not at 

least 0.3, which needs to be developed by the addition of Ca2+ through gypsum (2) the 

development of the facilities required to collect, convey and treat saline water and (3) the 

need to collect and dispose of highly saline-sodic drainage water to avoid subsequent 

contamination of surface and ground waters. Currently 0.7 million tube wells are 

pumping approximately 6.79 × 1010 m3 ground water in Pakistan. Approximately 70–

80 % is hazardous for agriculture because of high EC, SAR and/or residual sodium 
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carbonate (RSC) which adversely affect crop production. Using saline-sodic waters 

(SSW) in salt-affected soils is advantageous for several reasons. In shortage of fresh 

water, saline water alone and in combination was used to irrigate cotton (Gossypium 

hirsutum L.). Without management saline water can accumulate salts in the root zone, 

which has adverse effects on crop yield. The accumulation of salts in surface soil can be 

reduced by decreasing evaporation (Latif and Beg, 2004; Anonymous, 2010). 

 Bezborodov et al. (2010) conducted a field trial on a saline soil (ECe = 13.9 dS m−1; 

SAR = 3.1) in Uzbekistan for evaluation of wheat straw mulching (1.5 t ha−1) and 

different salinity levels (4.0, 6.2, and 8.3 dS  m−1) on salt-affected soils under cotton crop. 

Compared to an experiment conducted in 2005, the increase in salinity was less in mulch 

treatment as compared to non mulch treatment. There was a 20% increase in surface 

salinity with non-mulch treatment. With increase in depth this difference was less. Same 

was true for SAR. Cotton yield under mulch treatment was up to 800 kg ha−1 higher. 

These results show that water quality and mulching can increase crop yield and water 

productivity. 

 Jalali et al. (2009) conducted an experiment to evaluate saline and sodic waters on 

shortage of fresh water resources. Poultry manure and sheep manure and gypsum were 

used under sodic conditions. These were added in sandy loam soil at 5%, the soils were 

incubated for one month. Two types of NaCl–CaCl2 solutions, three SAR (0, 10, and 40) 

with a constant ionic strength (50 mmol L− 1) were used. The results showed that sheep 

and poultry manure cause an increase in cation exchange capacity and adsorption of 

cations such as calcium, magnesium and potassium. The ESP of the control soil after 

leaching with solutions with SAR of 10 and 40 increased significantly. The ESP of the 

poultry and sheep manures treated soils after leaching with solution with SAR 40 was 

significantly lower than in the control soil. Specifically, the rate of soil sodification in the 

treated soils followed the order: control soil > sheep manure treated soil > poultry manure 

treated soil > gypsum treated soil. The effects of gypsum on the sodification of soil by 

SAR 10 solution were the same as for poultry manure, whereas the cations and anions 

loss was higher from poultry and sheep manure treated soils than gypsum treatment and 

control soils. Organic and chemical amendments can decrease the adverse effect of 

waters on the physical and chemical properties of soils. 
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 Chemical amendments used for the reclamation of saline-sodic sols are either 

soluble Ca2+ salts like CaCl2.2H2O, CaSO4.2H2O and phosphogypsum or relatively much 

less soluble ground lime, i.e.CaCO3. Common example of amendments that work as Ca2+ 

mobilizers in calcareous soils by enhancing the conversion of CaCO3 to more soluble 

CaSO4, Ca(HCO3)2, Ca(NO3)2 or CaCl2 include H2SO4, HCl, HNO3, S, FeS2, CaS5, 

FeSO4 and Al2(SO4)3 (Ghafoor et al., 2004) Chemical amendment application and 

subsequently the drainage with high electrolyte concentration also may bring about 

adverse effects on environmental protection (Qadir and Oster, 2002; Qadir et al., 

2007).The use of some polymers and by-products of certain industries, e.g. pressmud and 

molasses meal from the sugar industry. Addition of organic matter (farm manure, 

slaughter house wastes, poultry excreta, green manure, etc.) alone can reclaim the saline-

sodic soils but at a slow rate. Some chemical fertilizers may also supply soluble Ca2+ 

directly (calcium nitrate and single superphosphate) or indirectly by producing 

physiological acidity within the zones of their application (ammonium sulfate and urea). 

The application of such fertilizers in the usual economical doses cannot be expected to 

reduce the soil sodicity to a large extent. Apart from decrease in salinity/sodicity hazard, 

amendments also improve soil physical conditions by eliminating the Na+ dominance that 

causes undesirable changes in sodic soils. Soil aggregates in sodic soils slake and 

disperse to reduce porosity. Gypsum is widely used to improve soil porosity. In packed 

soils columns, increase in hydraulic conductivity was observed with gypsum. From 

scanning electron microscope observation, it was concluded that the increase in HC was 

closely associated with an increase in visible pores and reduction in clay dispersion. 

Similarly, a three-fold increase in HC was observed the case of gypsum-applied sodic soil 

as compared to distilled water application. A marked decrease in soil bulk density was 

observed when treated with surface applied phosphogypsum. Adequate infiltration rate in 

sodic soils was achieved due to increase in electrolyte concentration of soil water after 

gypsum application (Frenkel et al., 1989; Ghafoor et al., 1990) Improvement in certain 

physical properties of sodic soils during reclamation is generally attributed to the 

increased levels of Ca2+ both n soil solution and on exchange complex. This flocculates 

the dispersed soil matrix thereby improving water conducting properties. 
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 Several studies have indicated that calcareous sodic soils can be improved by 

growing crops or trees with or without the application of chemical amendments (Mishra 

et al., 2004). The review on choice of the amendment (s), their conjunctive use, methods 

of application, their partice-size and source indicated that some inconsistent results have 

been reported from time to time on the effectiveness of various amendments for 

amelioration of salt-affected soils. Generally gypsum and H2SO4 were found the most 

effective reclaimants. Because of low price and freight, general availability and easy 

application, gypsum is the most commonly used and highly cost-effective Ca2+ source for 

reclaiming both the calcareous and non-calcareous sodic/saline-sodic soils. 

2.4. Quality of ground water in the Indus Basin 

 Groundwater has emerged as an exceedingly important water resource and its 

increasing demand in agriculture, domestic and industrial uses ranks it as a resource of 

strategic importance. Global estimates show that approximately 4,430 km3 of fresh water 

resources are abstracted annually, of which 70% are used in agriculture, 25% in industry 

and 5% in household. On the whole, annual groundwater abstracted for the world can be 

placed at 750–800 km3, which is about one-sixth of the total freshwater abstraction. 

Currently, about 0.8 million small capacity private tube wells are working in Pakistan, 

out of which more than 90% are used for agriculture. The groundwater is currently 

providing more than 50% of the total crop water requirements with the flexibility of its 

availability as and when needed. In the canal command, about 60% of the area is 

underlain by ground water having salt concentration less than 1000 mg L-1 between 100-

350 feet depth, whereas 15 and 25% of ground water contains between 1000-2000 mg L-

1, respectively (Ahmed and Chaudhry, 1987). The quality of groundwater becomes even 

worse with increase in depth. It was reported that average salt concentration in tube well 

water of Punjab (Pakistan) is 1252 mg L-1 while SAR and RSC are 8.39 (mmol L-1)1/2 and 

3.42 mmolc L
-1, respectively (Shah, 2000; Kinzelbach et al., 2003; Ali, 2003; Shah ,2007; 

Qureshi et al., 2008). 

 Quality of groundwater to be used for irrigation in Pakistan is mostly poor (Ghafoor 

et al., 1993). According to the water suitability criteria of U. S. Salinity Lab Staff (1954), 

majority of the tested water samples have more salinity hazard than that of SAR and/or 



 25

RSC. They also reported that the shallow groundwater from hand pumps was of better 

quality than the deep groundwater of tube well for irrigation purposes.  

 It was assessed that average salt concentration of Punjab (Pakistan) groundwater is 

1252 mg L-1 while SAR and RSC are 8.39 (mmol L-1)1/2 and mmolc L-1, respectively. 

According to the U. S. Salinity Lab. Staff (1954) classification system, 30% of these 

waters were categorized as C3S1 (high salinity, low sodium contents) while 20% as C2S1 

(medium salinity and low sodium). Remaining 50% occupied other classes. Large 

proportion of ground in Sindh province were characterized in C3S1 and C3S4 (high salinity 

and high sodium) classes. Quality of water starts deteriorating from upper to lower Sind 

and is worst in Karachi area (Chaudhry, 1977).  

The total surface water availability in the Indus Basin is 137 × 109 m3 with a total 

served area of 16.7 mha, which implies, on an average, about 820 mm of surface water is 

available for each irrigated hectare. Effective rainfall retained in the root zone adds an 

estimated 200–300 mm to the crop water availability in the north of the Pakistan portion 

of the Indus Basin and some 50 mm in the south. The average annual evapotranspiration 

in the major irrigated areas of the Indus Basin ranges from 1,000 to 1,300 mm per year. 

Therefore irrigated farming is the most economical and remunerative form of agriculture. 

Irrigated lands supply more than 90% of the total agricultural production and are major 

user of the water resources (Bhutta and Smedema, 2007). 

 Use of brackish water for irrigation can increase the resource base for irrigated 

agriculture in Pakistan which will help to meet the increased food requirements of the 

country. During the last decade, cropped area increased @ 1.3% per year, whereas 

population increased @ 3.1% per year and the gap in demand and production in further 

aggravating with passage of time. Pakistan has the largest continuous gravity flow 

irrigation system which is capable of handling 130 billion cubic meter of water 

(Mohtadullah et al., 1993) for irrigation of approximately 17 mha of land (Anonymous, 

1998). Water resources at present as well as for future are insufficient to meet the needs 

of cultivated area under this irrigation system. However, current water supplies are about 

30% short on an annual basis even for the present cropping intensity. For supplementing 

canal supplies, about 47.5 MAF of water is being pumped to grow crops (Mohtadullah et 

al., 1993). According to many reports (Malik et al., 1984; Ahmad, 1993; Ghafoor et al., 
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1993), this pumped groundwater in Pakistan is hazardous for irrigation and requires 

special management strategies. Soil salination/sodication is a natural consequence of 

using such saline and/or sodic waters to irrigate the crops (van Schilfgaarde, 1994; 

Minhas, 1986). However, because of differences in solute concentration of the irrigation 

waters applied, physical and chemical characteristics of the soils, climate, type of soil 

(i.e., texture, structure, clay mineralogy, etc) crops to be grown, frequency of irrigation, 

placement of seeds and agronomic practices, rate of salination/sodication is site specific 

(Rhoades, 1972). 

2.5. Water suitability criteria 

 Soluble salts are present in all natural waters. The concentration and composition of 

these salts determine the suitability of water for irrigation. A number of schemes are 

being used to assess quality of irrigation waters. Mostly total soluble solids (TSS), SARiw 

and RSC are considered to be useful parameters. In the past, these parameters were used 

individually or in combination for the classification of irrigation water. However, the 

effect of given water on soil health are not determined solely by such water properties. 

Even unscientific application of good quality irrigation water may cause problems of 

salinity and/or sodicity. Since the suitability of water for irrigation of crops depends upon 

the specific soil, crop and climatic conditions, only generalized guidelines are 

appropriate. 

In Pakistan, during early stages of planning of Salinity Control and Reclamation 

Project (SCARP), the only parameter considered for classification of water was the total 

salinity, i.e. total solute contents of water. The water having ECiw up to 1.5 dS m-1 was 

marginal and those having ECiw above 3.0 dS m-1 were considered unsafe for irrigation. 

In general, on the basis of electrical conductivity water limits are, water having EC ≤ 0.25 

is excellent, 0.25 to 0.75 is good, 0.76 to 2.00 is permissible, 2.01 to 3.00 is doubtful and 

> 3.0 dS m-1 is unsuitable for irrigation (Bauder et al., 2006). 

 Later on, the other two parameters, i.e. SARiw and RSC were included alone with 

total salinity for defining irrigation water quality. For medium and coarse textured soils, a 

water having 830 mg L-1 TDS, < 7 SAR and < 1.25 mmolc L
-1 RSC did not create any 

problem regarding soils and crops. At Mona Reclamation Experimental Project (MREP), 

Chaudhry et al. (1983) reported that water having TSS up to 1062 mg L-1, SAR 9.12 and 
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RSC up to 1.10 mmolc L
-1 could be used without mixing with canal water to grow cotton 

crop. 

 Wilcox (1954) proposed a water quality evaluation scheme and equated effective 

salinity with ECiw. He reported that Ca and HCO3 would precipitate as Ca (HCO3)2 in soil 

as the irrigation water was concentrated by evaporation. This precipitate increases the 

proportion of Na in soil solution and on the exchange complex. Later, Eaton (1950) on 

the basis of his observation on the effect of the waters of Nile and Euphrates rivers, 

suggested that carbonates and bicarbonates may have an indirect effect of RSC) for 

evaluating the sodicity hazard of irrigation waters. Wilcox et al. (1954) tested this 

concept by applying 86 synthetic waters having various concentrations of residual 

Na2CO3 to containers of initially non-sodic soil in which grass was grown and 

determined the percentage of applied HCO3 which precipitated as CaCO3 in the soil as 

well as the increase in ESP. Sufficient drainage was allowed to take place from the 

containers, so that there was no appreciable accumulation of soluble salts in the soil. It 

was found that HCO3 which precipitated as CaCO3 varied from 0 to 54% and the extent 

of exchangeable sodium accumulation from the water was positively related to RSC 

concept. It was concluded that waters containing RSC < 1.25 mmolc L
-1 were safe, those 

containing between 1.25-2.50 mmolc L
-1 were marginal and those containing > 2.5 mmolc 

L-1 were not suitable for irrigation (U.S. Salinity Lab. Staff, 1954). However, these limits 

were tentative and based on limited data, therefore, good management practices and 

proper use of amendments might make it possible to use successfully the marginal 

waters.  

 Various water quality classifications have been proposed from time to time in India 

(Gupta et al., 1990). Under high rainfall (650-750 mm per annum) and adequate soil 

drainage conditions, Gupta (1980) suggested that a water having RSC as high as 10 

mmolc L-1 and adjusted SAR up to 20 could be used successfully on sandy loam soil 

without any problem related to soil and plant health. Gupta (1990) concluded that water 

having EC 0.2 to 1.5 dS m-1, SAR 5-10 and RSC up to 2.5 mmolc L
-1 could safely be used 

on almost all the soils. 

 Until now it can be concluded that water suitable for irrigation of crops in an area 

cannot be used for growing the same crops in another area whose agri-climatology is 
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different from the former. Scientists do not agree to any water suitability guidelines for 

irrigation soils and crops under all the conditions, i.e. no water is suitable for all the 

situations. Therefore, emphasis should be directed towards the selections of set of 

conditions, like type of soil and crop sensitivity at various growth stages, soil properties 

such as hydraulic conductivity, reaction with water and solids in the soil, climatic factors, 

management practices, effects on drainage or recharge water quality, effects of the 

element transmitted through harvested products on animals and humans, clay mineralogy 

and economic conditions that determine how much reduction in yield or quality can be 

tolerated (Rhoades, 1984; Suarez and Lebron, 1993; Letey, 1993). Therefore, only 

generalized guidelines are appropriate because site-specific conditions may alter the 

suitability of any particular irrigation water. All these factors must be given due 

consideration and evaluation must be done in terms of specific use under the existing 

conditions on the farm. 

2.6.  Effect of brackish water on soils 

 When soil is irrigated with water having solute concentration, its chemical 

properties such as ECe, SAR and pHs, soluble ions and exchangeable cations, etc. 

undergo important chemical changes. These changes depend primarily on the quality of 

water as well as the management practices (Ghafoor et al., 1997).  

 When brackish water is used for crop production, chemical properties (EC, SAR 

and RSC) can change, the concentration and combination of salts in water determine 

speed and rate of chemical changes. All irrigation waters have different amount of salts, 

if the concentration of these salts increased from its fit limits for irrigation it is called as 

brackish water. The use of unfit underground water for irrigation results in deterioration 

of soil physical and chemical properties (Singh et al., 1992). These changes depend on 

many factors, mainly on the quality of irrigation water, amount of water used and 

management practices. The adverse effects of salinity on the crop growth arise from two 

aspects: (1) increase in osmotic pressure (2) specific effect of some elements. Sodicity 

exhibits structural problems by processes as slaking, swelling and dispersion of clay, 

surface crusting and hard setting.  
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 Salinity build up might differ between soils having different texture and between 

soils of similar texture, though the rainfall and evaporation might not differ. The first 

peculiarity might be due to different water retaining/transmitting abilities and the second 

due to differences in depositional history of solutes. Several scientists found that ECe 

increased linearly with ECiw and number of irrigations. Increasing soil solution salinity 

has a positive effect on soil aggregation but higher levels have negative and potentially 

lethal effects on plants. As a result, salinity cannot be increased to maintain soil structure 

without considering potential impacts on plant health (Quirk, 2001; Qadir and Oster, 

2004; Malash et al., 2005). 

 Water containing high salinity and SAR has been observed to develop hazardous 

salinity and SAR in fine and coarse textured soils and deteriorate soil productivity in a 

short duration of three and half years (Haider and Farooqi, 1975). Hussain et al., (1991) 

observed more increase in ECe in sandy clay loam (from 1.6 to 8.2 dS m-1) than that in 

sandy loam soils (ECe 1.4 to 7.4 dS m-1) with ECiw of 2.3 to 9.4 dS m-1. This difference 

was attributed to the leaching behavior of soils, as there was more leaching of salts in 

sandy loam than that in sandy clay loam soils. After two years application of poor quality 

water at MREP, Chaudhry et al. (1983) concluded that salinity build up was more in the 

case of fine textured (clay loam) than that in coarse textured (sandy loam) soils with 

water having TSS 2039 mg L-1. 

 Higher SAR of irrigation water through reduced permeability of soil could result in 

accumulation of salts. In an experiment at Mona Reclamation Experimental Project area, 

Ali et al. (1981) reported that high SARiw was more harmful than the total salinity of 

water. Furthermore, water having SARiw < 4.0 and TSS up to 2600 mg L-1, could not 

adversely affect soils provided leaching requirements were met for successful crop 

production on medium textured soils. 

 Use of saline and/ or sodic waters often created sodic soil conditions in several 

laboratory and field studies (Ghafoor et al., 1997). Under average management practices, 

the SAR/ESP increased significantly in direct proportion to SARiw (Khandelwal and Lal, 

1991) and was more harmful for soils as well as crops than waters with higher salinities 

(Haider et al., 1973). A proportional increase in soil SAR would be expected when 

SARiw increases (Haider and Hussain, 1976). Bajwa and Josan (1989b) investigated the 
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possibility of predicting the sustained effect of irrigation waters varying in sodicity on 

soil sodium saturation and crop yields under rice-wheat and millet-wheat cropping 

systems. The water used for irrigation had EC 0.9,1.60, 1.60,1.45,1.40 and 1.45 dS m-1, 

SAR 0.4,11.4,12.1,14.3,15.8 and 19.5 and  RSC 0,2.4,5.1,7.6,10.0 and 14.8 mmolc L
-1, 

respectively. After four years of application of waters, sodic waters increased the sodium 

saturation of soil. 

 In general, at a given ECiw, higher SARiw would result in high sodium saturation in 

the soil (Bajwa and Josan, 1989). They reported that a water having ECiw 0.8 dS m-1, 

RSC 10.3 mmolc L
-1 and SAR 13.5 would create more sodium saturation soil than that a 

water having ECiw 0.8 dS m-1, RSC 8.8 mmolc L
-1 and SAR 8.4. They further reported 

that maximum sodium saturation with both waters occurred in the surface 0-30 cm and 

declined rather sharply with increase in soil depth. In 60-150 cm soil layer, the SAR and 

ESP values were quite low and 3 to 4 units higher than that  observed under canal water 

treatment (ECiw 0.24 dS m-1, RSC 0 mmolc L-1 and SAR 0.4) which indicated that 

appreciable amounts of sodium did not move to deeper layer during six years of irrigation 

with sodic waters. Build up of ESP in the upper layer of soil seemed to be higher than 

expected using water having SARiw 13.5. This was due to higher RSC in addition to 

higher SAR at low total electrolyte concentration. Therefore, precipitation of CO3 

resulted in higher sodium saturation of soil. Increase in pHs with high SARiw and RSC 

was observed in several field and laboratory studies in India (Yasin et al., 1983) along 

with nutritional and infiltration  problems (Pratt and Suarez, 1989). Machanda et al. 

(1985) concluded that irrigation with sodic waters (ECiw 4 dS m-1, SARiw 26 and RSC 15 

mmolc L
-1) for a period of six years led to development of maximum pHs, i.e. from 9.1 to 

9.2. In a lysimeter study, Yasin et al. (1983) observed that higher levels of SARiw (15) 

and RSC (5 mmolc L
-1) increased pHs from 8.04 to 8.11 and 7.99 to 8.89, respectively at 

deeper soil layer after four years. However, Ghafoor et al. (1997) reported that there was 

no significant change in pHs with sump water (ECiw 2.9-3.3 dS m-1, SAR 12.0-19.4 and 

RSC 4.6 to 10.0 mmolc L
-1) for a period of three years in Fourth Drainage Project Area 

near Faisalabad. They concluded that this was due to considerable amount of lime in the 

soil which would help to buffer the pHs. The pHs decreases significantly with solute 
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concentration of the irrigation water but increases with increase in SARiw (Khandelwal 

and Lal, 1991). 

 A permeability problem can occur if irrigation water does not enter the soil rapidly 

during its application. According to U.S. Salinity Lab. Staff (1954), if the hydraulic 

conductivity of surface soil is as low as 0.1 cm h-1, leaching and irrigation may cause 

serious problems. Frenkel et al. (1978) considered the dispersion and particle 

translocation as the dominant mechanism for hydraulic conductivity decrease in coarse-

textured soils that contained small amount of expansible minerals. Swelling reduces the 

pore radii, thereby reducing saturated hydraulic conductivity decrease in coarse-textured 

soils that contained small amount of expansible minerals. Swelling reduces the pore radii, 

thereby reducing saturated hydraulic conductivity. Swelling results in aggregate 

breakdown or slaking (Abu-Sharar et al., 1987) and clay particle movement which in turn 

leads to blockage of conducting pores (Frenkel et al., 1978). They further concluded that 

the exact level of SARiw and ECiw depends on bulk density, clay contents and mineralogy 

of soil Pupisky and Shainberg (1979) also concluded that at low SAR levels and low salt 

concentration, dispersion and migration of clay into conducting pores was the major 

cause in reduced relative hydraulic conductivity of the surface soil. In general, swelling 

and dispersion increase with increasing SARiw and/or ESP and decreasing ECiw, thereby 

influencing the physical properties of each soil in a unique manner (Oster, 1994). 

 The main concerns related to the relationship between salinity and sodicity of 

irrigation water are the effects on soil infiltration rates and hydraulic conductivity. It was 

also reported that application of higher SAR water affect the hydraulic conductivity and 

infiltration rate besides giving rise to specific ion effect and nutrition imbalance in soil 

plant ecosystem (Azhar et al., 2003). 

 Soils differing in texture, clay mineralogy, organic matter and pH are affected 

differentially with solute concentrations of irrigation water. Therefore, hydraulic 

conductivity, infiltration rate and degree of dispersion largely depend upon these factors. 

In a lysimeter study at Faisalabad, Hussain et al. (1991) reported that degree of dispersion 

at ECiw 2.3 to 9.4 dS m-1 and SARiw 15, 30 and 60 was more in sandy clay loam than that 

of sandy loam soils. More degree of dispersion in sandy clay loam soil was due to higher 

clay contents and comparatively high amount of Na+ adsorbed. 



 32

 Costa et al. (1991) studied the effect of brackish water on bulk density, saturation 

percentage and aggregate percentage of undisturbed soils. The cores of Parshal, Svea and 

William soil series differing in EC and SAR, sand, silt and clay contents were irrigated 

with six irrigation water having ECiw 0,1.2, 1.18, 1.25, 2.9 and 3.01 dS m-1 and SARiw 0, 

3.0, 3.1, 8.0, 9.2 and 19.5. At a given level of ECiw, the saturation percentage was 

increased by 0.2% for each unit increase in SARiw for all the soil series. Irrigation waters 

having EC and SAR combinations (1.20 dS m-1, 9.0; 3.01 dS m-1, 19.0) decreased 

aggregation (79 and 69.2%, respectively). For 0-15 cm depth, bulk density was reduced 

0.04 to 0.06 Mg m-3 with waters having ECiw 2.98 dS m-1 and SAR 8.0. They concluded 

that this decrease in bulk density might be due to high Ca concentration of this water (6.3 

to 11.9 mmolc L
-1) which was 50 to 100% higher than the average of all other treatments. 

2.7. Plant response to brackish irrigation water 

 Unscientific and continuous use of saline/sodic water could result in deterioration of 

soil health and reduced cop yields. The waterlogging and soil salinity have emerged in 

the irrigated areas due to continuous seepage and percolation from the canal irrigation 

system and lack of adequate drainage infrastructure. Reduction in yield of crops is a 

common phenomenon because of the use of poor quality irrigation waters, magnitude of 

which differs under different soil types and agro-climatic conditions. Hamdy et al. (2005) 

reported 25% reduction in wheat yield with the use of saline water having EC 3 and 9 dS 

m-1 as compared to fresh water treatment. 

 Kahlown et al. (2002) indicated that water-table depth < 1m had significant effect 

on yield of almost all the crops with the exception of rice. Moreover, the combined effect 

of waterlogging and salinity was found more harmful to crop yield than their individual 

effect (Kahlown and Azam, 2002). Plants have developed a wide range of mechanisms to 

sustain crop productivity under salt stress. Increasing evidence suggests that plant species 

and varieties vary greatly in their resistance to salinity (Akhtar et al., 2003; Ashraf and 

Foolad, 2007). Growth of most agricultural crops irrigated with poor quality water suffers 

adversely (Murtaza et al., 2006). 

 High SARiw and RSC also affect the growth and yield of crops. Tolerance of crops 

to sodicity also varies widely. Li et al. (2004) concluded in an experiment that wheat 

could be grown without any reduction in yield with sodic water (ECiw 2.5 dS m-1, SARiw 
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16 and RSC 12.5 mmolc L
-1) and considered it sodicity tolerant (RSC up to 12.5 mmolc L

-

1) while pearl millet was considered to be sensitive to this level of sodicity after four 

years application of these poor quality waters. It was also observed that fodder yield of 

pearl millet was reduced to about 50% at an ESP of about 15 and pHs 9.0.  

 Rice (Oryza sativa L.) is an important Kharif crop and is grown on a large area in 

Pakistan. It is more sensitive to salinity but tolerant to sodicity (Maas and Hoffman, 

1977). Literature indicates that plant height, percent productive tillers, straw, paddy and 

total dry matter yield and 1000-grain weight have been found decreased with higher 

levels of ECiw and SARiw. It  can be grown with saline waters having ECiw 1.8 and 4.0 dS 

m-1 in summer season and 2.6 and 4.4 dS m-1 in winter season with 10 and 25% paddy 

yield reduction, respectively (Ponnamperuma, 1972). 

 Plants grown in a saline-sodic environment may face certain limitations particularly 

in terms of biomass production. Soil salinity may reduce crop yields by upsetting the 

water and nutritional balance of plants (Maas and Hoffman, 1977), while sodicity affects 

plant growth by deteriorating the physical condition of soils or by disturbing the plant 

nutrition due to excess Na+ in the root medium. The effectiveness of various plant species 

in soil reclamation is highly variable (Robbins, 1986; Ahmed et al., 1991) because of 

differences in their tolerance to soil salinity/sodicity and irrigation requirement. The 

judicious selection of plant species capable of producing satisfactory biomass under 

inhospitable soil conditions during the reclamation of sodic/saline-sodic soils is vital 

(Qadir et al., 1996a). Generally, high water-loving crops get the benefit of salt dilution, 

while salt tolerant crops enjoy the facility of their natural as well as adaptive mechanisms 

of salt tolerance when planted in a saline environment. 

 Sorghum (Sorghum bicolor L.) is a Kharif crop grown in Pakistan largely to meet 

the fodder requirement of livestock. It is a moderately salt tolerant (Maas and Hoffman, 

1977) but highly drought tolerant crop. Reduction in dry matter yield of sorghum has 

been reported in several studies (Muhammed, 1967; Rehman and Hussain, 1981) with 

higher levels of ECiw, SARiw and RSC or their combinations. Muhammed (1967) reported 

that sorghum and maize dry matter yield decreased almost linearly with an increase in 

ECiw and/or SARiw. Rehman and Hussain (1981) reported that a water having ECiw of 3 

dS m-1 could be used on fine sandy loam soil without decrease in growth rate and yield of 
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sorghum. Minhas et al. (1989) concluded that plant height, fresh and dry matter and leaf 

area of sorghum decreased markedly with an increase in ECiw from 2.5 to 6.4 dS m-1 on a 

sandy loam soil. They further reported that application of pre-sowing irrigation with good 

quality water (ECiw 0.32 dS m-1) increased relative dry matter of sorghum by 18 and 25% 

at ECiw of 4.7 and 6.8 dS m-1, respectively over the treatments when these waters were 

used throughout the growing period.  

 The preceding discussion indicates that chemical and physical properties of soils 

changed with ECiw, SARiw and/or RSC particularly if such waters are used for long times. 

These changes, however, depended largely on soil texture, type and amount of clay, 

organic matter and water retaining/transmitting characteristics of soils. There are 

indications that build up in ECe and/or SAR was more in fine than that in coarse textured 

soils at a given level of ECiw, SARiw and/or RSC. Of course, the evaluation of water 

suitability guidelines for soils and crops will also depend upon the type of crop, growth 

stages, water, climatic factors and experience and management skills of farmers and their 

socio-economic conditions. Therefore, only generalized guidelines are appropriate 

because site-specific conditions may alter the suitability of any particular irrigation water. 

 Overall, it could be summarized that unscientific management practices and 

continuous use of high ECiw, SARiw and/or RSC waters generally, deteriorate chemical 

and physical characteristics of soils resulting a decrease in crop yields. Agricultural 

crops/varieties responded differently to brackish irrigation water regarding their biomass 

and economic yields, and their response was even variable under different agro-climatic 

conditions. The review indicates that it is not possible to fix critical levels of ECiw, SARiw 

and/or RSC for all the situations. So we have to look into the picture in broad spectrum. 

There are certain gaps which have been highlighted in the previously conducted research 

in this review. The earlier work had focused on determining leaching volume, leaching 

requirement, and leaching fraction during the reclamation of salt-affected soils. The little 

attention had been given to the total removal of salts in field conditions growing different 

crops during the reclamation of salt-affected soils. Keeping in view these facts, the 

present studies were planned to highlight the effect of different soil textures on the 

removal of salts under pot and field conditions. The comparison of different amendments 

was carried out on the removal of salts during reclamation of salt-affected soils under 
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different crop rotations. Findings of the present studies will be useful for future research 

in cost-effectively reclaiming salt-affected soils under agro-climatic and socio-economic 

conditions of Punjab, Pakistan. 
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CHAPTER 3 

MATERIALS AND METHODS 

 Experiments reported in this thesis were conducted between 2008 and 2010. Four 

experiments, viz. two lysimeter, one pot and one field, were conducted. The details of the 

experimental procedures are presented in the respective sections while the analytical 

procedures, common in all the studies, are presented here. 

3.1. Collection and preparation of soils 

 The bulk soil samples were collected from the upper 15 cm of three different fields 

located at village Dheroki, District Toba Tek Singh. These fields were selected on the 

basis of textural differences determined through feel method and ultimately analyzed in 

the laboratory to establish their textural classes. Bulk soil samples were air-dried, ground 

to pass through a 2 mm sieve and mixed thoroughly. Soil samples in bulk were drawn to 

determine physical and chemical characteristics (Table 3.1). Textures of soils under study 

were loamy sand (S1), silty clay loam (S2) and sandy clay loam (S3). 

Table 3.1.  Chemical and physical properties of soils used in Studies  
 

Soil Parameter Unit Value 
LS (S1) SiCL (S2) SCL (S3) 

Sand % 77.4 19.7 55.6 
Silt % 7.7 43.6 18.6 
Clay % 14.9 36.7 25.8 
Textural class - Loamy sand Silty clay loam Sandy clay loam
pHs  8.88 8.97 9.15 
ECe dS m-1 8.19 23.86 33.95 
Ca2+ + Mg2+ mmolc L

-1 7.63 14.56 18.23 
Na+ “ 84.48 285.67 430.23 
K+ “ 5.62 6.82 7 
SAR (mmol L-1)1/2 23.32 106.19 133.52 
CO3 “ 1.4 1.0 1.62 
HCO3

-  4.83 6.54 9.68 
Cl-  32 58.42 104.89 
SO4

2- “ 59.77 250.44 351.82 
OM % 0.58 0.61 0.53 
Bulk density g/cm3 1.08 1.01 1.03 
Saturation percentage  (%) 26.9 31.4 30.5 
Pore volume mL 944 1097 1067 



 37

3.2. Preparation of soil columns 

 Lysimeters used in studies 1 and 2 were made of polyvinyl chloride (PVC) and had 

50 cm length and 11 cm diameter. The bottom of each column was padded with 3 cm 

gravel and then sand to facilitate leaching. In each soil column, 3.5 kg soil was added in 

small increments to obtain uniform packing. Before the addition of each increment, the 

surface of the previously packed layer was scratched to avoid local compaction. Soil was 

packed to a height of 27 cm, making soil column of 24 cm. Soil columns were placed 

vertically on iron stands. Storage bottles were placed underneath the columns to collect 

leachate. 

3.3. Leaching soil columns 

 After saturating soil columns, leaching was started with volume applied as 

mentioned above for all the three soils. Four leaching cycles were completed during the 

study period. The quality of water used in the study is given in (Table 3.2). During 

leaching of columns, water equal to designed PV was allowed to infiltrate consecutively 

and four leachates were collected. The leachates were designated as L1, L2, L3 and L4. 

The water was allowed to infiltrate till there was no dropping of water. Leachate at 

bottom was collected in plastic bottles, volume of which was measured and analyzed. At 

the termination of experiment, soil columns were allowed to dry up to workable water 

contents. Then soil columns were removed and divided as 0-5, 5-10, 10-15, 15-20 and 

20-24 cm segments to assess the concentration of salt. Soil and leachate samples were 

analysed for soluble cations (Ca2+, Mg2+, Na+, K+) and anions (CO3
2-, HCO3, Cl- and 

SO4
2-). Empirical relationships between EC/EC0 and DW/DS were computed for the three 

soils.  

Table 3.2.  Quality of water used in Study 1 
 

Characteristic Unit Value 
EC dS m-1 0.87 
Ca2+ + Mg2+ mmolc L

-1 7.5 
Na+ ″ 1.2 
CO32-  - 
HCO3

- ″ 0.6 
Cl- ″ 1.2 
SO4

2- ″ 0.70 
SAR (mmol L-1)1/2 0.62 
RSC mmolc L

-1 Nil 
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3.4. Preparation of brackish waters of designed EC to SAR ratio 

 Amount of salts for developing EC along with SAR were calculated with the help 

of quadratic equation (Haider and Ghafoor, 1992). The quantity of salts for the 

preparation of designed EC and SAR levels is given in Tables 3.3 and 3.4. The procedure 

of calculation is being illustrated through an example for one type of water having EC = 

2.0 dS m-1, SAR = 18 (mmol L-1)1/2 and Ca:Mg ratio of 1:1 using NaCl, NaHCO3, 

Na2SO4, MgSO4.7H2O and CaCl2.2H2O salts.  

Total soluble salts in water = 20 mmolc L
-1 

Suppose Ca2+ + Mg2+ = X mmolc L
-1 

Thus Na+ = 20 - X  

We know that  

SAR = Na+/ [Ca2+ + Mg2+/2]1/2 

By putting the above values, the expression for SAR will become: 

18 = (20-X)/[X/2]1/2 

By taking the square on both sides 

(18)2 = (20-X) 2/ X/2 

224x = {800 + x2 - 40x}/x/2 

2x2 – 404x + 800 = 0 

The value of ‘X’ can be computed by the quadratic formula where 

a = 2, b = 404, c = 800 

X = -b ± (b2 -4ac)/2a 

X = -(404) ± [(-404)2- 4×2 × 800]/2 × 2 = 2.0 mmolc L
-1 

Or Ca2+ + Mg2+ = 2.0 (1:1) 

Ca2+ = 1.0 

Mg2+ = 1.0 

Na+ = 20-2 = 18 

Cl- = 1/3 × 20= 6.67 

SO4
2- = 1/3× 20= 6.67 

HCO3
- =1/3× 20= 6.67 
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Table 3.3. Concentration of salts (mmolc L
-1) calculated by quadratic equation 

 

 

Table 3.4. Quantities of salts (mg L-1) to develop EC (dS m-1) and SAR levels in  
                distilled water 
 
 EC 0.6 , SAR 6 EC 1, SAR 12 EC 2, SAR 18 EC 4, SAR 30 

NaCl 80.14 162.04 331.11 690.88 

NaHCO3 168.02 279.75 559.55 1119.85 
Na2SO4 97.98 196.67 401.87 838.51 
CaCl2 34.41 31.08 55.50 84.36 
MgSO4 37.32 33.71 60.20 91.50 
 

3.5. Analytical Procedures 

3.5.1. Soil analysis   

 Soil samples collected from the experiments were air-dried, ground, passed through 

a 2 mm sieve and stored in plastic bags. Analysis was done in the laboratories of the 

Institute of Soil and Environmental Sciences, University of Agriculture, Faisalabad 

following methods described by U.S. Salinity Lab. Staff (1954) and Page et al. (1982) 

unless mentioned otherwise in the text. A brief description of various analytical methods 

employed is given as under: 

3.5.2. Soil saturated paste 

 About 400 g soil was soaked with distilled water and allowed to stand overnight. 

Then saturated paste was made which glistened, did not accumulate water in depression 

and fell freely from spatula (Page et al., 1982). 

 NaCl NaHCO3 Na2SO4 CaCl2 MgSO4 Total 
Na+ 5.66 6.66 5.66 --- --- 18 

Ca2+ --- --- --- 1.0 --- 1.0
Mg2+ --- --- --- --- 1.0 1.0
HCO3 --- 6.66 --- --- --- 6.66
SO4

2- --- --- 5.66 --- 1.0 6.66
Cl- 5.66 --- --- 1.0 --- 6.66 
Total 5.66 6.66 5.66 1.0 1.0  
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3.5.3. Saturation percentage (SP) 

  A known weight of saturated soil paste was oven dried at 105°C to a constant 

weight and saturation percentage was determined by the formula (Method 27 a): 

SP = [Loss in weight on oven drying (g)/Oven-dried soil weight (g)] × 100 

3.5.4.  pH of saturated soil paste (pHs) 

 With the help of Jenco Model-671 pH meter, pHs was recorded after calibrating it 

with buffer solutions of 4.0 and 9.2 pH (Method 21a). 

3.5.5.  Soil saturation extract 

  Extract from the saturated soil paste was obtained by applying vacuum. Sodium 

hexametaphosphate solution (0.1%) was added @ one drop per 25 mL extract to prevent 

precipitation of salts during storage. However, extracts were analysed within 15 days of 

extraction. 

 3.5.6.  Electrical conductivity of saturation extract (ECe)  

  With the help of HANNA HI-8033 conductivity meter, ECe was noted after 

calibrating with 0.01 N KCl solution (Method 4b). Cell constant (k) was calculated by 

the formula: 

K = 1.4118 dS m-1/ EC of 0.01 N KCl (dS m-1). 

The ECe was converted into TSS (mmolc L
-1) following the graph on page 12 of the U.S. 

Salinity Lab. Staff (1954).     

3.6.  Soluble Cations 

3.6.1.  Calcium + Magnesium 

  Calcium and magnesium soluble cations were determined by titrating the 

saturation extract against 0.01 N EDTA (versenate) solution in the presence of NH4OH + 

NH4Cl buffer solution using eriochrome black T indicator to a blue-green end point 

(Method 7). 

3.6.2.  Calcium 

  Calcium was determined by titrating the sample with standard EDTA in the 

presence of 4 N NaOH and ammonium purpurate indicator to purple end point (Method 

7). 



 41

3.6.3.  Magnesium 

  Magnesium was calculated by subtracting calcium from calcium + magnesium. 

3.6.4.  Sodium 

  A series of NaCl solutions (0, 2, 4, 6, 8, 10, 12, 14 and 16 ppm) were used to 

prepare a standard graph. The Flame photometer Jenway PFP-7 was used for readings 

and were converted to ppm from the graph (Page et al., 1982). 

 Na+(mmolc L
-1 )= [(ppm Na+ from graph) × (df)]/ Equivalent wt. of Na+, where df 

stands for dilution factor. 

3.6.5.  Potassium 

  A series of KCl solutions (0, 2, 4, 6, 8, 10, 12, 14 and 16 ppm) were used to 

prepare a standard graph. The Flame photometer Jenway PFP-7 was used for readings 

and were converted to ppm from the graph (Page et al., 1982). 

K+ (mmolc L
-1) = [(ppm K+ from graph) × (df)]/ Equivalent wt. of K+, where df 

stands for dilution factor. 

3.7.   Soluble Anions 

3.7.1.  Carbonate and bicarbonates 

  Carbonate and bicarbonates were determined by titrating the sample against 0.01 

N H2SO4 using phenolphthalein and methyl orange indicators to colorless and pinkish 

yellow end points, respectively (Method 12). 

3.7.2.  Chloride 

  Chloride was determined by titrating the sample against 0.01 N AgNO3 solution 

using potassium chromate indicator to a brick red end point (Method 13). 

3.7.3.  Sulfate 

By difference; SO4
2- = TSS – (CO3

2- + HCO3
- + Cl-), concentration as mmolc L

-1. 

3.8. Sodium adsorption ratio (SAR)  

SAR was calculated by using the formula:   

SAR = Na+/ [(Ca2++ Mg2+)/2] ½, where concentration of cations is in mmolc L
-1. 

3.9. Cation exchange capacity (CEC)  

 Five gram of soil was saturated with 1N CH3COONa (pH 8.2), washed thrice with 

ethanol and finally extracted with 1N CH3COONH4 having (pH 7.0). Sodium in the 
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extract was determined with the help of Jenway PFP-7 flame photometer keeping Na-

filter in place (Method 19). The CEC was calculated by the formula: 

CEC (mmolc 100 g-1 soil) = [Na+ (mmolc L
-1) × 100 × 100]/ [1000 × Wt. of soil (g)] 

3.10.   Exchangeable cations 

  The samples were shaken and centrifuged three times with 33 mL 1N 

CH3COONH4 (pH 7) to remove the adsorbed cations. The supernatant solution was 

collected in 100 mL flask and volume was made with CH3COONH4. 

3.11.   Exchangeable sodium and potassium 

  Extractable sodium and potassium were determined by Flame Photometer and 

exchangeable sodium and potassium were calculated as given below (Page et al., 1982). 

Exch. Na+ (mmolc 100 g-1) = Extractable Na+ (mmolc 100 g-1) – soluble Na+ (mmolc 100 

g-1) 

Exch. K+ (mmolc 100 g-1) = Extractable K+ (mmolc 100 g-1) – Soluble K+ (mmolc 100 g-1) 

3.12.  Exchangeable Ca2+ + Mg2+ 

 Exchangeable Ca2+ + Mg2+ were determined by difference (Kelley, 1951) 

Exch. Ca2+ + Mg2+ (mmolc 100 g-1) = CEC (mmolc 100 g-1) – Exch. Na++K+ (mmolc 100 

g-1) 

3.11.1. Exchangeable sodium percentage (ESP) 

  ESP = (Exch. Na+ / CEC) × 100 

3.14.  Soil gypsum requirement (SGR)  

  Five gram soil was shaken mechanically with saturated gypsum solution (Ca2+ + 

Mg2+ concentration ≈ 28 mmolc L
-1). Suspension was filtered. Filtrate was analyzed for 

Ca2+ + Mg2+ by titrating against 0.01 N EDTA solution to a blue end point using EBT as 

indicator. Gypsum requirement was calculated from difference of Ca2+ + Mg2+ 

concentration in gypsum saturated solution and filtrate. 

[Ca2+ + Mg2+ in gyp. soln.] – [Ca2+ + Mg2+ in filtrate]× 100 × 100 
SGR (cmolc kg-1) = ------------------------------------------------------------------  

1000  ×  Wt. of soil (g) 



 43

 

3.15.  Organic matter (OM)  

  Soil OM was determined following the method described by Walkley-Black 

(Jackson, 1962). For this purpose, a two-gram soil sample was first swirled in 10 mL of 

0.1 N K2Cr2O7 solution and then 20 mL concentration H2SO4 was added. The reactants 

were mixed and allowed to stand for 30 minutes, then diluted to 200 mL with distilled 

water and titrated against freshly prepared FeSO4.7H2O in the presence of 10 mL H3PO4, 

0.2 g NaF and 30 drops of diphenyl-amine indicator to dull green end point. The OM was 

calculated by the formula: 

% OM = 10 (1-T/S) × 0.335 where 

T = mL of FeSO4 for sample titration 

S = mL of FeSO4 for blank titration 

0.335= 12/4000 × 1.72.0.77 ×100/2 ×1.0 N 

3.16.  Calcium carbonate (CaCO3)  

  Calcium carbonate was determined following the calcimeter method (Moodie et 

al., 1959). Two gram soil was treated with 1:1 HCl and volume of CO2 liberated from 

CaCO3 present in soil was noted. Percent lime was calculated by:  

% CaCO3 = (A × B × C)/ W × 1000 

Where  

A = mg of CaCO3 equivalent to 1 cm3 of CO2 evolved at atmospheric temperature and 

pressure 

B = Volume of CO2 evolved (cm3) 

CF= Correction factor = Pure CaCO3 (mg)/ A × CO2 (cm3) evolved/ W  

W= Weight of soil sample (g) 

3.17.  Water and leachate analysis 

 Water and leachate samples were collected in plastic bottles. Four drops of 0.1% 

(NaPO3)6 per 100 mL sample were added in each bottle to check the precipitation of salts 

(particularly carbonate) during storage. The analytical methods described by U.S. Salinity 

Lab. Staff (1954) were followed as summarized under soil saturation extract analysis. 

However, samples were analyzed within 15 days of collection.  
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3.18.  Sodium adsorption ratio (SAR)  

  SAR was calculated by using the formula:   

SAR = Na+/ [(Ca2++ Mg2+)/2]1/2, concentrations of cations are in mmolc L
-1.  

3.19.  Residual sodium carbonate (RSC) 

 RSC = (CO3
2- + HCO3

-) – (Ca2+ + Mg2+), all expressed as mmolc L
-1 (Eaton, 1950) 

3.20.  Physical Properties of Soils 

3.20.1. Particle size analysis 

  Soil particle size distribution was determined following the hydrometer method 

(Bouyoucos, 1962). Sodium hexametaphosphate (NaPO3)6 was used as a dispersing 

agent. Textural class was designed following the International Textural Triangle. 

3.20.2. Bulk density (ρb)  

  Bulk density was measured using a core inserted to depth 5 cm. The bulk desity 

was measured on surface layer, and on the soil immediately below the layer (i.e. 5-10 

cm). The soil extending beyond each end of the core was trimmed with a sharp spatula. 

The soil sample was thus established to the same as the inner volume of the core. The soil 

material from the core was transferred to be the same as the inner volume of the core. The 

soil material from the core was transferred to a container. All the samples obtained were 

dried in an oven at 105°C until constant weight was achieved. Oven dry weight for all the 

samples was measured and bulk density was calculated by using the formula (Blake and 

Hartge, 1986): 

 Bulk density (Mg m-3) = Oven dry mass of the sample (g)/volume of sample (cm3) 
 

3.20.3. Calculation of pore volume (PV) 

  Pore volume is the amount of water required to leach the salts through a distance 

L. Pore volume was calculated with the help of saturation percentage and bulk density by 

the formula (Jury et al., 1991): 

PV (cm3) = θv π r2 l, where 

θv = Volumetric water contents calculated from saturation percentage, 

l = Height of soil column (cm), 

r = Radius of soil column (cm), and 

π = 3.148. 
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3.20.4. Infiltration rate (IR) 

  Double ring infiltrometers were used during studies to measure in-situ IR. Both 

the cylinders were uniformly driven into soil to a depth of 10 cm, with the help of a 

cellophane hammer with as little disturbance of soil as possible. The water was poured in 

the inner ring and space between the two cylinders before measuring the water head drop 

from the inner cylinder only. The water used in infiltrometer was the same as used for 

irrigating crops. The water was delivered to the infiltrometer by gravity, using a flexible 

tube. The end of the tube was placed on a small inverted lid to break up the stream and to 

protect the soil surface against puddling. The infiltration rate was calculated from the rate 

of the water level in the inner cylinder (Bouwer, 1986) with the help of the following 

formula: 

 IR (cm h-1) = Fall water level (mm)/ Time interval (minutes)  

3.20.5.  Hydraulic conductivity (HC)  

  The soil hydraulic conductivity was measured using brass tubes following falling 

water head method (Klute and Dirksen, 1986). A simple apparatus having a rack to hold 

6 to 12 soil cores in rows was used. Water was siphoned from a common supply to 

individual cores. After saturating soil columns with water equal to 75% of saturation 

percentage, water was poured in each soil column with the help of funnel and was 

allowed to infiltrate. At steady flow, hydraulic head (H1) was measured and time was 

noted. The water was allowed to infiltrate continuously till measurable water was 

received in bottles after which again hydraulic head (H2) was measured and time was 

noted. This practice was repeated for each pore volume of water. These measurements 

were made for the calculation of hydraulic conductivity of soil columns by falling water 

head method. 

3.20.6. Salt leaching efficiency 

 It is defined as the mass (kg) of salts leached with unit volume (m3) of applied 

irrigation water. The treatment efficiency on the basis of mass of salts (kg) leached was 

computed by Equation 1. 

kg of salts leached (m-3) of added water  =  Si (kg) – Sf (kg)/Wt added (m3) (1) 

The salt leaching efficiency after each crop was calculated by Equation 2. 

kg of salts leached (m-3) of added water =  Si (kg) – Sf (kg)/ Wc added (m3) (2) 
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Where Si is mass of initial salts, Sf the mass of final salts, Wt is total volume of water 

added and Wc is cumulative water added. 

The weight of soil was calculated for each treatment considering the bulk density of the 

respective treatment, the mm irrigation was converted into volume (m3), initial and final 

ECe (dS m-1) was converted into percent by multiplying it with a factor of 0.064 (U.S. 

Salinity Lab. Staff, 1954). 

3.21.  Statistical Procedures 

The data from all the four studies were analysed statistically following the 

respective design of the experiment using analysis of variance (ANOVA) technique and 

LSD test was applied to differentiate the treatment effects (Steel et al., 1997) using M-

STAT-C (M-STAT-C Development Team 1989). The graphs were prepared in EXCEL 

2007. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1.  Study I:  Differential response of soil texture for leaching of salts  

4.1.1.  Introduction  

Soil degradation caused by salinity and sodicity is of great concern because it 

affects losses in potential agricultural production. In arid and semi-arid regions, irrigation 

water of poor quality coupled with the limited scarce rainfall and high evapo-

transpiration often increases soil salinity and sodicity. The presence of salts in soil 

deteriorates soil physical conditions, impair plant growth and decrease crop yields (Ayers 

and Westcot, 1985). Therefore, desalinization and desodication of soils help to sustain 

irrigated agriculture. In dry regions, there is high evaporation which causes salt 

accumulation in the upper soil layers (Sadiq et al., 2007; Makoi and Ndakidemi, 2007; 

Mostafazadeh-Fard et al., 2008; Rashid et al., 2009). 

Texture is very useful indicator of physical properties like soil porosity and 

workability. It influences air and water movement and is important for irrigation 

management and soil salinity and sodicity. Texture is strongly correlated with 

permeability and infiltration, available water holding capacity, and adsorption-desorption 

of ions (Miller and Donahue, 1995; Shainberg et al., 2001; Ghafoor et al., 2004; 

Mostafazadeh-Fard et al., 2008). Saline soils are usually reclaimed by ponding water on 

soils to leach salts. But reclaiming saline-sodic soils requires removal of sodium (Na+) 

from soil cation exchange sites, usually with addition of calcium (Ca2+) followed by 

leaching of the replaced Na+ out of the root zone. Gypsum is the most extensively used 

agent in reclamation of saline-sodic soils, because of its low cost, general availability and 

safe handling by farmers (Murtaza et al., 2009; Ghafoor et al., 2010).  

Chemical amendments can resolve the problem in two ways. Firstly, gypsum or 

calcium chloride applications supply soluble Ca2+ directly. Secondly in calcareous soils, 

acid and acid formers (H2SO4, HCl, HNO3) convert native CaCO3 to more soluble salts 

like CaSO4, Ca(HCO3)2, Ca(NO3)2 or CaCl2 (Ghafoor et al., 2004). However, the initial 
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cost of these amendments restricts their use, especially by farmers with limited resources 

(Mirza and Zia, 2006; Makoi and Ndakidemi, 2007; López-Aguirre et al., 2007; Ghafoor 

et al., 2010). 

The amount of leaching water and the time required to reclaim a soil will depend 

on the depth of soil to be reclaimed, the initial salinity, the type of salts present and soil 

characteristics such as texture, structure, infiltration and permeability. Leaching 

requirement to sustain productive soil has been determined earlier by several workers 

which ranged from 0.30 to 4.43 cm of water per cm of soil depth and that varied with soil 

types (Singh and Bhargava, 1995; Singh, 1996; Singh and Kundu, 2000; Kuligod et al., 

2002; Mostafazadeh-Fard et al., 2008). It seems therefore, necessary to know the 

response of different textured salt-affected soils for leaching salts with a given amount of  

irrigation water to determine the most effective combinations of soil texture and volume 

of irrigation (LR indirectly) for the control of salt accumulation in soils. Considerable 

work has been done on leaching of salts in saline soils but limited literature is available 

on leaching under saline-sodic soil conditions. The specific objective of this study was to 

determine leaching requirement of different textured saline-sodic soils and establishing 

relationships between volume of water applied and salt removal from soils to achieve 

reclamation. 

4.1.2.  Methodology 

  This experiment was conducted in zero-tension filled-in lysimeter (lysimeter with 

free draining leachate containing homogenized test material) using three different 

textured calcareous saline-sodic soils in the wire house, Institute of Soil and 

Environmental Sciences, University of Agriculture, Faisalabad during 2008. The bulk 

soil samples were collected from the upper 15 cm of three different fields located at 

village Dheroki, District Toba Tek Singh. Bulk soil samples were air-dried, ground to 

pass through a 2 mm sieve and mixed thoroughly. Physical and chemical characteristics 

of soils were determined by following methods (U.S. Salinity Lab. Staff, 1954; Page et 

al. 1982). Soil particle-size distribution was measured using the hydrometer method 

(Bouyoucos, 1962). Soil bulk density was measured by drawing 0.050 m × 0.072 m cores 

from lysimeters (Blake and Hartge, 1986). Pore volume was calculated with the help of 
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saturation percentage and bulk density using the formula PV (cm3) = θv π r2 l (Jury et al., 

1991).  The physical and chemical characteristics of soils are given in (Table 3.1). 

 Lysimeters used in this study were made of polyvinyl chloride (PVC) and had 50 

cm length and 11 cm internal diameter. Each column was fitted with PVC net at the 

bottom. The bottom of each column was padded with 3 cm gravel and then sand to 

facilitate leaching. In each soil column, 3.5 kg soil was added in small increments to 

obtain uniform packing. Soil was packed to a height of 27 cm, making soil column of 24 

cm. Soil columns were placed vertically on iron stands. To check evaporation loss, top of 

each column was covered with polythene sheet following application of water. Storage 

bottles were placed underneath columns to collect leachate. 

 Four treatments were replicated three times in completely randomized design in all 

three soils. For leaching cycles, tap water having EC = 0.89 dS m-1, SAR = 1.55 and RSC 

= 1.02 mmolc L-1 was applied. Treatments were: T1 = 1.0 PV (application of 1.0 PV 

water), T2 = 1.5 PV (application of 1.5 PV water), T3 = 2.0 PV (application of 2.0 PV 

water), T4 = 2.5 PV (Application of 2.5 PV water). During leaching of columns, water 

equal to designed PV was allowed to infiltrate consecutively and four leachates (L1, L2, 

L3, L4) were collected. The water was allowed to infiltrate till there was no dropping of 

water. Leachates volume was measured and analyzed for electrical conductivity (EC). At 

the end of leaching treatments, soils from top to bottom of each column at 5 cm 

increments (D1 = 0-5 cm, D2 = 5-10 cm, D3 = 10-15 cm, D4 = 15-20, D5 = 20-25 cm) 

were sampled, air-dried and ground to pass through 2 mm sieve. Saturation extract of the 

soil samples were collected and their ECe and concentration of soluble cations and anions 

was determined following methods of the U.S. Salinity Lab. Staff (1954). Sodium 

adsorption ratio (SAR) was calculated by using the following equation: 

SAR = Na+/(Ca2+ + Mg2+/2)1/2 

Empirical relationships between EC/EC0 and Dw/Ds were drawn for all the three soils 

(EC0 and EC are electrical conductivity of saturation extracts of the soil before and after 

leaching, Dw is the depth of water and Ds is the depth of soil). 
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4.1.3.  Results and Discussion 
 
4.1.3.1. Volume of leachates  
  

  The downward flow of water, carrying excess soluble salts and Na+ through soils 

is essential for successful reclamation of saline-sodic soils. The leachate volume is a key 

factor for the movement of salts within and out of soils. Soil texture, pore volume, and 

their interactions differed statistically for the volume of leachates. Mean leachate volume 

for soils, treatments and leachates was in order as: Soils (LS > SCL > SiCL), treatments 

(T4 > T3 > T2 > T1) and leachates (L1 > L2 > L3 > L4) shown in Appendix 1. The 

interactive effects of soil × leachate (S×L), soil × treatment (S×T) and treatment × 

leachate (T×L) remained statistically significant. Highest leachate volume was recorded 

for S1L1 and the lowest for S2L4. The highest volume was obtained for S1T4 and lowest 

with S2T1, while highest leachate was collected for T4 L1 and the lowest with T1L4.  

4.1.3.2. Leaching fraction  

Soil texture, pore volume, and their interactions differed statistically for leaching fraction 

(LF) (Figs. 1, 2 and 3; Appendix 2). Mean leaching fraction for soils, treatments and 

leachates was in order as: Soil (LS > SCL > SiCL), treatments (T2 > T3 > T1 > T4) and 

leachates (L1 > L2 > L3 > L4). The interactive effects of S×L, S×T and T×L remained 

statistically significant (Figs. 1, 2 and 3 and Appendix 2) for LF. Highest LF was 

recorded for S1L1 (0.83) and the lowest with S2L4 (0.44). The highest LF was obtained for 

S1T2 (0.82) and lowest with S2T1 (0.48), and LF was the highest for T2L1 (0.78) and the 

lowest with T1L4 (0.49). Decrease in leachate volume over time could be due to fast 

leaching of soluble salts leading to increased proportion of exchangeable Na+ particularly 

without the application of an external source of Ca2+. Accumulation of exchangeable Na+ 

caused deflocculation of soils and thus decreased hydraulic conductivity of soils, hence 

leachate volume (Quirk and Schofield, 1955; Ghafoor and Salam, 1993). 
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4.1.3.3. Amount of salts removed 

 The salts removed were computed with the following formula: 

Salt removal (mg leachate-1) = EC of leachate (dS m-1) × 640 × {vol. of leachate (mL) /PV 
of water (mL)} 

 Soil texture, treatments and their interactions differed significantly for the amount 

of salts removed from leachates. For better understanding, salt removal was converted 

from mg leachate-1 into kg ha-1 (Figs. 4, 5 and 6; Appendix 3 and 4). Highest salt removal 

(kg ha-1) was with T3 followed by T2, T4 and T1 with values as 1913, 1622, 1605 and 1157. 

Salt removal was higher in L1 followed by L2, L3 and L4 having values as 2417, 1806, 1230 

and 885 kg ha-1. The interactive effect of S×L was significant, being highest for S1L3 

(3400 kg ha-1) and lowest with S3L3 (799 kg ha-1). The interactive effect of S×T was 

significant, being highest for S3T3 (2749 kg ha-1) and lowest with S1T1 (1113 kg ha-1). The 

T×L interaction also differed significantly, removal (kg ha-1) being highest for T3L1 (2897) 

and lowest with T1L4 (537).  

  In general, it was concluded that after application of four irrigations of different pore 

volume, highest leaching fraction (0.75) for LS removed 1375 kg ha-1 salts. After 

application of four irrigations of different pore volume with T2, T3, T4 and T1, having LF of 

0.69, 0.64, 0.61, and 0.60 could remove 1622, 1913, 1605 and 1157 kg ha-1 salts, 

respectively. 
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In 1st, 2nd, 3rd and 4th irrigation with LF 0.72, 0.67, 0.60 and 0.54 removed 2417, 

1806, 1230 and 885 kg ha-1 salts. In S×L interaction, salt removal (kg ha-1) was the highest 

with loamy sand in third leachate having LF 0.32 and the lowest with SCL soil with LF 

0.20. For S×T interaction, highest salt removal was in SCL soil with 2.0 PV having LF 

0.63 and lowest with loamy sand with 1PV with LF 0.77. With T×L interactions, highest 

salt removal was with 2.0 PV having LF 0.70 and lowest with 2.5PV with LF 0.51.  

 Salt removal with water from soil is a function of nature and amount of salts present, 

time for solute interaction with solvent and volume of water passed through soil. High 

initial ECe of soils along with slow flow rate of water due to relatively high SAR caused 

more salt removal in the initial leachates. Assuming water flow is a simple piston flow, the 

initial solute can be replaced completely after 1PV of water application. However, water 

flow in soil is not ideal, 5-30% of initial soluble salts remained in soil profile following 

leaching with 1PV. This seems due to the fact that in soils there are two types of pores 
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distinguished by their pore size as micro-pores within and between aggregates and macro-

pores between aggregates. Coarse textured soils (LS) have relatively low total porosity but 

possess a mostly macro pore that is why higher volume of leachate and thus salt removal 

occurred. While  fine textured soil (SiCL) contain relatively high total pore space, mainly 

micro pores which remained filled with water for a considerable period of time, so 

relatively less volume of leachate and salt removal was observed (Mirza and Zia, 2006; 

Kolahchi and Jalali, 2007; Mostafazadeh-Fard et al., 2008). 

4.1.4. Post-experiment soil characteristics 

Soil salinity (ECe) 

The soil ECe differed statistically for soil textures, treatments and their 

interactions at different soil depths. The highest ECe was recorded in SiCL followed by 

SCL and LS. Mean values of EC remained the highest for T1 (6.8 dS m-1) followed by T2, 

T3 and T4 (2.7 dS m-1), while ECe in different soil layers were the highest at D5 soil depth 

followed by D4, D3, D2 and D1 with values as 6.8, 5.6, 4.3, 3.7 and 3.2 dS m-1, 

respectively. The interactive effects of soil × treatment (S× T), soil × depth (S× D) and 

treatment × depth (T×D) remained statistically significant (Figs. 7, 8 and 9; Appendix 5 ). 

The ECe for the interaction of S2T1 (9.9 dS m-1) was highest but lowest with S1T4 (1.9 dS 

m-1). The ECe for the interaction of S2D5 (9.4 dS m-1) was highest but lowest with S1D1 

(2.0 dS m-1) and it was highest (8.0 dS m-1) with T2D5 and lowest for T4D1.  

 The initial ECe (dS m-1) of LS, SiCL and SCL was 8.2, 23.9 and 33.9 in the 0-25 cm 

soil column. In LS, ECe after leaching with 1PV (1PV = 944 mL) it decreased  to 2.9, 3.5, 

4.1, 5.6 and 7.6 dS m-1 at 0-5, 5-10, 10-15, 15-20 and 20-24 cm soil depths, respectively 

with mean value of 4.7 dS m-1. For SiCL, ECe after leaching with 1PV (1PV = 1097 mL) 

decreased to 6.7, 7.5, 9.6, 11.2 and 14.6 dS m-1 at 0-5, 5-10, 10-15, 15-20 and 20-24 cm 

soil depth,  respectively with mean value of  9.9 dS m-1, while in SCL, ECe after leaching 

with 1PV (1PV = 1067 mL) decreased 3.3, 3.8, 4.1, 7.8 and 10.6 dS m-1 at 0-5, 5-10, 10-

15, 15-20 and 20-24 cm soil depths, respectively with an average ECe of 5.9 dS m-1. 

 The average (ECe) in 0-25 cm layer decreased from 8.2 to < 4 dS m-1 in LS with 2.0 

PV (1.88 cm) of water and from 33.9 to < 4 dS m-1 in SCL with 2.5 PV (2.67 cm) of 

water). While 2.5 PV (2.72 cm) of water could not lowered average ECe of 0-25 cm layer 

of SiCL from 23.9 to < 4 dS m-1. The said leaching treatment lowered ECe to < 4 dS m-1 
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only in 0-10 cm top soil layer. It is the fact that leaching is likely to carry salts down to 

the lower soil layers, resulting salt accumulation in the lower layers. Under any leaching 

conditions, column EC is affected by EC of irrigation water and the salt concentration in 

the lower depth increased significantly (Hoffman, 1986; Smets et al., 1997; Odmis and 

Kanber 2005). 
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Soil sodicity (SAR) 

 The SAR is a measure of sodicity hazard of soils and waters. For lowering the soil 

SAR, replacement of adsorbed Na+ from soil colloids followed by its removal through 

leaching is necessary (Ghafoor et al., 2004). Soil SAR differed statistically for soil 

textures, treatments and their interactions at different soil depths. At the termination of 

leaching, soil SAR was the highest for SiCL (37.3) followed by SCL (31.8) and LS 

(24.6). The higher SAR of SiCL seems because of high concentration of Na+ in solution 

owing to higher amount of adsorbed Na+ in high CEC of SiCL than that in SCL and LS. 

A decrease in SAR of LS with all the treatments remained more than SiCL and SCL 

because of its low clay contents and thus low CEC (López-Aguirre et al., 2007). The 

effect of treatments on soil SAR was significant. However, decrease in SAR was the 

highest with T4 (13.7) followed by T3, T2 and T1 (57.6). The SAR was the highest at D5 

soil depth followed by D4, D3, D2 and D1 with values as 49.3, 39.8, 25.6, 22.4 and 18.7, 

respectively. The SAR remained higher with S3T1 (65.39) and lower with S1T4 (Fig. 10; 

Appendix 6). It was maximum for S3D5 (56.0) and minimum for S1D1 (Fig. 11). The 

highest SAR was recorded for T1D5 (103.42) and lowest with T4D1 (Fig. 12). The effect 

of applied treatments (PV) remained significant on soil SAR but did not decrease SAR 

below 13 which is a critical limit for sodic/saline-sodic soils (U.S. Salinity Lab. Staff, 

1954). Moreover, decrease in SAR for LS with simple leaching could be due to “valence 

dilution” (Reeve and Bower, 1960). This dilution of soil solution favors the adsorption of 
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divalent cations like Ca2+ at the cost of mono valent like Na+. The reverse is true when 

soil solution is concentrated due to evapo-transpiration (Eaton and Sokoloff, 1935). 

Application of 2.5 PV decreased SAR to < 13 for LS, SiCL and SCL up to 0-20 cm, 0-10 

cm and 0-15 cm soil depths, respectively. Overall it is concluded that application of 2.5 

pore volume of water is essential to decrease SAR to < 13 in LS up to 0-20 cm depth, For 

SiCL soil, this much water application did so up to 0-10 cm soil depth and for SCL soil 

up to 0-15 cm soil depth.  
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Leaching of salts 

 The data on fractions of salts moved out of different soil layers with different 

degree of leaching are presented in (Figs. 13, 14, 15; Appendix 7). Mean fraction of salts 

removed from soils, treatments, soil depth and their interactions were significant in 

decreasing order as: Soil (SCL > SiCL > LS), treatments (T4 > T3 > T2 > T1) and soil 

depth (D1 > D2 > D3 > D4 > D5). Salt removal was the highest with S3T4 (0.94) and the 

lowest with S1T1 (Fig. 13). It was the highest for S3D1 (0.93) and the lowest for S1D5 (Fig. 

14). The highest salt fraction removed was recorded for T4D1 (0.89) and the lowest with 

T1D5 (Fig. 15). In LS with 1.0 PV (0.94 cm), fraction of salts removed ranged from 0.64 

to 0.13 at 0-25 cm soil layer with average of 0.43. For SiCL with 1.0 PV (1.09 cm), 

removal ranged from 0.72 to 0.39 at 0-25 cm soil layer with an average of 0.58. In SCL 

1.0 PV (1.06 cm), removal ranged from 0.90 to 0.69 in 0-25 cm soil layer with an average 

of 0.82. 

 Over all, it may be concluded that mean fraction of salts removed from 0-25 cm soil 

column by leaching with 2.0 PV (1.88 cm) water to decrease ECe to < 4 dS m-1 was 0.67 

in LS and 0.94 in SCL with application of 2.5 PV, while in SiCL it was 0.83 but it does 

not decreased ECe below 4.0 dS m-1.  
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Relationship between EC/EC0 and Dw/Ds 

 The relationship between EC/EC0 (electrical conductivity of saturation extracts of 

soils before and after leaching, respectively) and Dw/Ds (depth of water and soil, 

respectively) with respect to desalinization of 0-25 cm layers for all the three soils were 

worked out. The relationships observed were as follows.  
 

 LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam and SCL (S3) = Sandy clay loam 
 Y = EC/EC0 and X = Dw/Ds 

 

 These relationships suggest that in LS with application of 1PV, 1.5PV, 2.0PV and 

2.5PV the decrease in ECe of 0-25 cm soil column was 43%, 55%, 67% and 77%. For 

SiCL, application of 1PV, 1.5PV, 2.0PV and 2.5PV, the decrease in ECe of 0-25 cm soil 

Soil 

Treatment  LS (S1) SiCL (S2) SCL (S3) 

T1 (1.0 Y = 0.573 X -3.92 r =0.93 Y = 0.414 X -3.24 r=0.78 Y = 0.174 X -2.02  

T2 (1.5 
PV)

Y = 0.451 X -2.99 r= 0.94 Y = 0.339 X -2.36  r=0.90 Y = 0.136 X-1.08  

T3 (2.0 
PV)

Y = 0.329 X -2.12   r =0.87 Y = 0.247 X -1.49  r=0.96 Y = 0.09 X -0.05  

T4 (2.5 
PV)

Y = 0.232 X -1.29 r = 0.98 Y = 0.167 X -0.60 r= 0.89 Y = 0.06 X 0.78 r = 
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column was 58%, 66%, 75% and 83%. For SCL, application of 1PV, 1.5PV, 2.0PV and 

2.5PV, the decrease in ECe in 0-25 cm soil was 82%, 86%, 91% and 94%. Similar 

equations have been developed by different workers (Singh and Kundu, 2000; Kuligod et 

al., 2002) for leaching of salts.  

4.1.5.  Summary and Conclusions 

The highest amount of salts was removed from SCL soil (1943 kg ha-1) with LF 0.59 

with the application of four PV water. The decreasing order of treatment effectiveness  for 

salt removal was T3 > T2 > T4 > T1 with LF 0.69, 0.64, 0.61 and 0.60 respectively. The salt 

removal was highest with first two irrigations and then decreased subsequently. The ECe 

of 0-25 cm columns (post-experiment) decreased from 8.2 to < 4 dS m-1 in LS with 2.0 PV 

(1.88 cm), from 33.9 to < 4 dS m-1 in SCL with 2.5 PV (2.67 cm) of applied water and 

SiCL with 2.5 PV (2.72 cm) of water, it decreased from 23.9 to < 4 dS m-1 only of 0-10 

cm of soil layer. Regarding SAR, 2.5 PV of applied water decreased SAR to < 13 in LS up 

to 0-20 cm depth, 0-10 cm soil depth of SiCL and 0-15 cm soil depth of SCL. It was found 

that leaching of soluble slats does occur with simple addition of water of any quality in 

different textured saline-sodic soils but could convert these into sodic soils if external 

source of Ca2+ is not added. The relationship between PV of applied water and amount of 

salts leached from soil columns indicated a positive effect on amount of salt leached. The 

equations established were as EC/EC0 = 0.329 (Dw/Ds)
-2.12 with r = 0.90 for LS; EC/EC0 = 

0.167 (Dw/Ds)
-0.60 with r = 0.93 for SiCL and EC/EC0 = 0.06 (Dw/Ds)

0.78, r = 0.98 for SCL 

soils. These relationships suggest that decrease in EC of LS, SiCL and SCL soils was 67, 

83 and 94 percent cent when leached with 1.88, 2.72 and 2.67 cm of water, respectively. 

These equations could be modified in accordance with specific soil texture for 

determining leaching requirement of soils to grow a given crops provided its salt tolerance 

limit and effective rooting depth are predecided. i.e. Consideration of site-specific 

situations. 
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4.2.Study II: Differential response of soil texture for leaching of salts with 
amendments under brackish water of different EC:SAR ratios. 

4.2.1.  Introduction 
  
  For the reclamation of saline and/or sodic soils, removal of adsorbed Na+ and a 

sustainable threshold electrolyte concentration in soil solution is important. Therefore, 

addition of some beneficial ions, such as Ca2+, to replace adsorbed Na+ and then the 

addition of solutes is always useful. However, maintenance of a sufficient electrolyte 

concentration is crucial as it increases water conducting properties of soils which 

indirectly could promote their reclamation by increasing leaching (Oster, 1993). Both the 

above requirements are often achieved with the application of gypsum, which has an 

additional advantage of being cost-effective. Other amendments which can be used for 

this purpose include CaCl2, phosphogypsum (by-product from high-analysis phosphatic 

fertilizer) and acids or acid formers for calcareous soils. Some by-products of agricultural 

industries like press mud and molasses meal have been found effective but their use is 

limited and localized. Addition of organic matter (farm manure, slaughterhouse wastes, 

poultry excreta, green manure, (vegetable/ fruit market wastes) alone is also used to 

reclaim such soils but their action is very slow.  

 The soil pH also changes with brackish water irrigation. Increase in pHs with high 

SARiw and RSC was observed in several field and laboratory studies along with 

nutritional and infiltration problems (Pratt and Suarez, 1989). Machanda et al. (1985) 

concluded that irrigation with sodic waters (ECiw 4 dS m-1, SARiw 26 and RSC 15 mmolc 

L-1) for a period of six years led to development of higher pHs, i.e. from 9.1 to 9.2. In a 

lysimeter (60 cm length and 22.5 cm inside diameter) study, Yasin et al. (1985) observed 

that higher levels of SARiw (15) and RSC (5 mmolc L
-1) resulted in an increase in pHs 

from 8.04 to 8.11 and 7.99 to 8.89, respectively at deeper soil layer after four years 

application of sodic waters.  

 Literature indicates that ECe increased linearly with ECiw and number of irrigations 

(Ghafoor et al., 1997). According to an estimate, 86 to 90 per cent variability in ECe of 

soil is accounted for by the ECiw applied to different crops grown on medium textured 

soil. The remaining variability in ECe may be due to factors, like soil texture, drainage 

conditions of fields and initial salt level of soil. Bhatti et al. (1981) observed a linear 
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relationship between ECe and ECiw and pointed out that there was a sharp increase in the 

ECe of soil up to a depth of 150 cm during the first three years on a clay loam soil with 

ECiw 3.6 dS m-1, SARiw 15.8 and 6.8 mmolc L
-1. After that rate of accumulation of salts in 

soil profile started declining. Average ECe of soil profile up to 150 cm was raised from 

1.23 to > 4.0 dS m-1 during this period. A proportional increase in soil SAR would be 

through reduced permeability of soil which could result in accumulation of salts. In an 

experiment at Mona Reclamation Experimental Project area, Ali et al. (1981) reported 

that high SARiw was more harmful than the total salinity of water. Furthermore, water 

having SARiw < 4.0 and TDS up to 2600 mg L-1, could not adversely affect soils provided 

leaching requirements were met for successful crop production on medium textured soils. 

Under average management practices, the SAR/ESP increased significantly in direct 

proportion to SARiw and was more harmful for soils as well as crops expected when 

SARiw increases (Haider et al., 1973; de Mooy et al., 1975; Khandelwal and Lal, 1991). 

The specific objectives for this study were: 

1. To compare the effectiveness of brackish water with variable ECe: SARiw for salt 

removal from different textured saline-sodic soils. 

2. To evaluate amendments for decreasing soil sodicity with the use of marginal quality 

brackish water. 

4.2.3.  Methodology 
 

 The bulk soil samples were collected from the plough layer (upper 15 cm) of three 

different fields located at village Dheroki, District Toba Tek Singh. These fields were 

selected on the basis of textural differences determined through feel method and 

ultimately analyzed in the laboratory to establish their textural classes. Bulk soil samples 

were air-dried, ground to pass through a 2 mm sieve and mixed thoroughly. Soil samples 

were analyzed to determine physical and chemical characteristics (Table 3.1). Textures of 

soils under study were loamy sand (S1), silty clay loam (S2) and sandy clay loam (S3). 

This experiment was conducted in lysimeters using calcareous saline-sodic soils in the 

wire house, Institute of Soil and Environmental Sciences, University of Agriculture, 

Faisalabad during 2008. 
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Lysimeters used in this study were made of polyvinyl chloride (PVC) and had 50 cm 

length and 11 cm diameter. The bulk soil samples were collected for each soil texture. 

Bulk soil was mixed with the designed amendment as control (without amendment),  

Farm manure at 10 t ha-1, Gypsum at 100% soil gypsum requirement (SGR), Mulch at 10 

t ha-1, respectively. In each soil column, 3.5 kg soil was added in small increments to 

obtain uniform packing. The bottom of each column was padded with 3 cm gravel and 

then sand to facilitate leaching. Before the addition of each increment, the surface of the 

previously packed layer was scratched to avoid local compaction. Soil was packed to a 

height of 27 cm, making soil column of 24 cm. Soil columns were placed vertically on 

iron stands. Storage bottles were placed underneath the columns to collect leachate. The 

lysimeters were saturated with tap water at 75% of saturation and allowed to equilibrate 

for three weeks during which leachate, if any, was recycled. Following four treatments 

were repeated three times in completely randomized design (split) for all the three soils. 

T1 = EC 0.6 & SAR 6, Leaching with brackish water of EC 0.6 and SAR 6, T2 = EC 1.0 

& SAR12, Leaching with brackish water of EC 1.0 and SAR 12, T3 = EC 2.0 & SAR 18, 

Leaching with brackish water of EC 2.0 and SAR 18 and T4 = EC 4.0 & SAR 30, 

Leaching with brackish water of EC 4.0 and SAR 30. Initially additional water equal to 

soil saturation percentage was added for soaking. The calculated amount of 1PV water 

was poured and allowed to infiltrate till dropping at bottom of the lysimeters stopped. 

Leachate was collected in plastic bottles when 1PV of water infiltrated through the soil. 

After collecting the first leachate, water equal to one PV was again added. In this way, 

water equal to 4 PV was allowed to infiltrate consecutively and analyzed for soluble 

cations and anions (U.S. Salinity Lab. Staff, 1954). At termination of the experiment, soil 

columns were allowed to dry up to workable water contents. Soil (0-12 and 12-24 cm 

depths) samples were analyzed for soluble cations and anions as in Study 1. The graphs 

were prepared in R Development Core Team (2011). 

4.2.3. Results and Discussion 

4.2.3.1. Leaching fraction 

 Main and interactive effects significantly affected leaching fraction (LF) (Fig. 16; 

Appendix 8 and 9). The LF remained higher with SCL (0.78) followed by LS (0.75) and 

SiCL (0.77). For treatments, higher LF was obtained for T4 (0.79) and it was lower with 



 66

T1 (0.74). Higher LF was obtained (0.82) in first leachate (L1) and lower (0.71) during 

fourth leachate (L4). Gypsum application significantly increased LF (0.85) compared to 

mulch and control. Higher LF was recorded with S3L1 (0.84) and lower (0.72) for S1L4. 

Higher LF (0.80) was obtained with S3T4 and lower (0.73) with S2T1. Among T×L 

interactions, higher LF was obtained with T4L1 (0.85) and lower with T4L1 (0.66).  

Among T×A interactions, LF was the highest with T4G (0.87) and it was lower for T1M 

(0.65). 

 In gypsum and FM amended soils receiving brackish water of different EC: SAR 

ratios, the LF was not statistically different from that obtained from control and mulch. 

All the treatments increased the LF because high ECe tends to flocculate soils. A decrease 

in exchangeable Na+ in soil helped to promote the infiltration rate and facilitate the 

leaching of applied water through soil columns (Shainberg et al., 1989; Ghafoor et al., 

1998 and 2001). Higher amount of water was passed through soil column receiving 

gypsum at 100% SGR. This seems due to high electrolyte concentration from applied 

gypsum which leads to addition of soluble Ca2+ upon dissolution and thus desorbs Na+ 

from exchange site and partially due to induced flocculation of dispersed saline-sodic 

soils (Ghafoor et al., 1988). From control and mulch amended soils, LF gradually 

decreased with time. This might be due to the removal of soluble salts without enough 

removal of Na+ that caused dispersion of soils and thus decreased hydraulic conductivity 

of soil (Arora and Singh, 1980). In all the three soils, application of gypsum and FM 

performed better. This showed that the applied gypsum initially supplied electrolyte and 

along with the original solute concentration facilitated the water infiltration which 

gradually decreased due to decrease in EC (Oster, 1993). In gypsum and FM treatments, 

LF was the highest with S3 (SCL) and lowest with S2 (SiCL). Generally finer the soil 

texture, the greater is the micro-porosity and vice versa (Brady, 1996). Over all, it 

warranted that application of gypsum and FM on to relatively coarse textured 

sodic/saline-sodic soils would perform better than finer ones. Addition of gypsum helps 

flocculate soil particles to facilitate further solution transport through soil columns 

(Ghafoor et al., 1988, Oster and Frenkel, 1980).  
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Fig. 16. Treatment + amendment effect on leaching fraction in different soils. 
 

4.2.3.2. Amount of salt removed (kg ha-1) 

 The soils, treatments, leachates and their combination differed significantly with 

regard to total soluble salts removed in leachate (Fig. 17; Appendix 10 and 11). The 

quantity of salts removed in each leachate increased significantly as the EC: SAR ratios 

of applied water increased. The quantity of salts removed in initial leachates was high 

which decreased successively with all the treatments in all the three soils. More salt 

removal was recorded from S3 followed by S2 and S1. Among treatments, more salt 

leached with T4 followed by T3, T2 and T1. Regarding amendments, more salts were 
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removed with gypsum (6182 kg ha-1) and lower with control (2740 kg ha-1) treatment. 

More salts were removed in L1 and lower with L4. Among S×L interactions, more salts 

were removed with S3L1 and lower with S1L4. Salt removal was more with S2T4 (7385 kg 

ha-1) and lower with S1T1 (2384 kg ha-1). Among T×L interaction, salt removal was more 

for T1L4 (7236 kg ha-1) and lower with T4L4 (3064). Regarding T×A interaction, the 

highest amount of salt was removed with T4G (8320 and lower with T1C (1628).  

 Assuming that 1PV = one irrigations then four pore volume of water or four 

irrigation of LF 0.75, 0.77 and 0.78 can remove 3008, 4965 and 5048 kg ha-1 salts in LS, 

SiCL and SCL soil, respectively. In 1st, 2nd, 3rd and 4th irrigation with LF 0.82, 0.79, 0.75 

and 0.71 removed 5682, 5000, 3967 and 2941 kg ha-1 salts. For amendments, the 

decreasing order for salt removal was G > FM > M > C with LF 0.85, 0.84, 0.71 and 

0.68. However, above findings are hypothetical simulations and 1PV may not remove 

above mentioned salts under field conditions. Because there is tortuosity factor in soil 

which never allows applying any simulation hypothesis in natural undisturbed farmer 

field conditions.  

 With gypsum application, removal of salts in the first and second leachates was 

high, probably because most of the soluble salts were get dissolved and leached with the 

leachates. The third leachate contained relatively less salts compared to first and second 

leachates. It seems that soil columns might have been washed to acquire low amount of 

salt by the time of the third leachate. A similar result of high removal of salts in initial 

leachate has been reported by Ghafoor et al. (1988). Salt removal with water from soil is 

a function of nature and amount of salts present, time of solute contact with solvent and 

volume of water passed through soil. Therefore high initial total soluble salts leached out 

of the studied soils along with low flow rate of water through soils due to relatively high 

SAR caused more solute removal in initial leachates, which decreased with time for all 

the treatments. Similar pattern of salt removal was reported by Shad and Hashmi (1970) 

and Ghafoor et al. (1988). Variable removal of salts from different textured soils 

indicated that total salt concentration in soil solution per unit mass of a soil depends upon 

its saturation percentage. More salts leached from sandy clay loam soil during 

reclamation due to its low CEC compared to LS and SiCL. During Na+-Ca2+ exchange, 

Na+ ions along with dissolved gypsum increased electrolyte concentration of the 
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leachates. Increasing rate of gypsum application increased the flocculation of soil 

(Hussain et al., 1991) that might increase the infiltration rate and reduce evaporation, 

thereby causing more salt removal through increase in the volume of leachates (Ghafoor 

et al., 1988). However, in control of S3, the leachate volume compared to that of added 

(fraction of applied) decreased to such an extent that it could not load salt to leach down 

compared to control of S1 and S2. This effect was variable with different textured soils. In 

loamy sand soil (S1), less salt removal with application of different EC: SAR water might 

be due to increased flow velocity of water that decreased the time of contact between 

water and applied gypsum which lowered gypsum dissolution and thus efficiency of Na+- 

Ca2+ exchange (Keren and O’Cornor, 1982). 

 
Fig. 17. Treatment + amendment effect on salt removal (kg ha-1) in different soils. 
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4.2.4.  Post-study soil characteristics 

Soil reaction (pHs) 

 The data on pHs of 0-12 and 12-24 cm layers of three soils after leaching with 1PV 

water are presented in (Figs. 18, 19, 20 and 21; Appendix 12). The effects of soil, 

leachate, treatments, amendments and their combinations remained significant on soil 

pHs. The pHs of S2 was higher followed by S3 and S1. For treatments, higher pHs was 

recorded with T1 and lower with T4. Among amendments, higher pHs was recorded for 

mulch and lower for gypsum. The pHs was statistically higher in D2 than that of D1. 

Interactions between S×D, S×T, T×D, and T×A differed statistically for pHs. For S×D 

combination, pHs was higher with S2D2 and lower for S1D1. For interaction between S×T, 

pHs was higher for S2T1 and lower with S1T3. Higher pHs for T×D was recorded with 

T1D2 and lower for T4D1. The pHs was the highest for T4C and lowest with T4G.  
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 The pHs measures alkalinity of soils, which in turn depends upon the dissolution/ 

precipitation of CaCO3 (Bresler et al., 1982). The equilibrium between lime precipitation 

and dissolution exists at pHs 8.4. The pHs of the system above this point tends to induce 

precipitation of CaCO3 while below this point help its dissolution. Therefore a change in 

pHs has sometimes been associated with the degree of soil reclamation, especially with a 

change in soil sodication process (Ghafoor et al., 1984; Kumar and Abrol, 1984). 

Although pHs is not considered a valid criteria to characterize saline-sodic or sodic soils, 

since its values depend upon EC to SAR ratio (Bohn et al., 1985). 

 The increase in pHs at the end of experiment depicts the precipitation of Ca2+ 

rather than its dissolution. An increase in pHs could be due to the use of high RSC water 

which counter balance the effect of CO2 produced during the root respiration and cause 

the precipitation in the system. This enhanced the Ca2+-Na+ exchange that resulted in the 

gradual increase in the sodicity hazard in term of pHs. The elevated activity of CaCO3 in 

the soil system also showed a precipitation tendency of Ca2+. However, only a slight 
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change in pHs could be due to the precipitation of CO3 as CaCO3 that acted as buffer and 

resisted any remarkable change in soil pHs in alkaline range (Deveral and Fujii, 1990). 

 Overall, it could be concluded that in all the three soils, pHs decreased below the 

critical limit of pHs (8.5) except the control and mulch treatments. The increase in pHs 

with soil depth after termination of experiment could be attributed to high SAR and RSC 

of irrigation water as well as leaching of Na+ from upper to lower layers (Frenkel and 

Meiri, 1985; Gupta and khan., 2009; Ghafoor et al., 2004).   

Soil sodicity (SAR) 

 The effects of treatment, soil texture, amendment and their interaction were 

significant on SAR of soils (Figs. 22, 23, 24 and 25; Appendix 13). SAR being highest 

for S2 (SiCL) followed by S1 (LS) and S3 (SCL) with values as 16.3, 14.9 and 11.4. The 

higher SAR of silty clay loam soil seems because of high Na+ in solution owing to higher 

amount of adsorbed sodium at equilibrium than that in sandy clay loam or loamy sand.  

The differences in SAR with treatments were significant being higher with T4+ control 

(28) and lower with T1+ Gypsum (5.6) Similarly SAR was higher at D2 than that at D1. 

Same pattern was recorded for all the three soils. 

  The interactive effect of S×T for SAR was significant, being higher with S2T4 

(22.0) and lower with S3T1 (7.6). The SAR was higher with S2D2 and lower with S3D1. 

Significantly the highest SAR was recorded with T4D2 + control and lower with T1D1+ 

gypsum.  
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 The SAR of silty clay loam soil with all the treatments remained more than that of 

sandy clay loam and loamy sand because of its high clay contents and thus CEC. 

Decrease in SAR of soil might be due to “valence dilution” as demonstrated by Reeve 

and Bower (1960) for reclaiming sodic soil. The reverse is true when soil solution is 

concentrated due to evapo-transpiration. The addition of Ca2+ in saline-sodic/ sodic soils, 

cause the reduction of SAR and thus the soil is flocculated. The decrease in SAR of 

loamy sand may be attributed due to coarse texture, low clay contents and low CEC. The 

Ca2+ in the soil due to lime dissolution or valance dilution, contribute sufficient 

desorption of Na+ from the soil and thus decrease the SAR of the soil. 

 High SAR at D2 might be due to increased concentration of Na+ leached from D1 

along with other anions like CO3
2-, HCO3

-, SO4
2-, Cl-  which helped decrease  Ca2+ + 

Mg2+ concentration through precipitation as CaCO3. Addition of gypsum in the surface 

layer made it to attain steady stat earlier. Readly et al. (1980) and Ghafooor et al. (1989) 

reported similar observations in this regard. Thus there is need to add amendment in  

upper soil layers in amounts that could make other ions to transverse along the wetting 

front without precipitation and occupy exchange sites to keep soil flocculated 

concurrently. 
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 Overall it is concluded that SAR of all the three soils remained highest with control 

and mulch treatments receiving water of different EC to SAR ratios. With FM and 

gypsum application, SAR decreased below the critical limit. The SAR of upper layers 

decreased more than that at lower depths of all the soils. 

Soil salinity (ECe) 

 Effect of treatment, soil texture, amendment and their interactions were statistically 

significant on ECe (Fig. 26, 27, 28 and 29; Appendix 14). Higher ECe was recorded for S2 

(SiCL) followed by S1 (LS) and S3 (SCL). It was higher for T4 and lower with T1. For 

amendments, higher ECe was recorded with C (without amendment) followed by M, FM 

and G. Salinity remained statistically similar at both the soil depths. The interactive effect 

of S×T were significant, being higher with S2T4 and was lower with S1T1. The interactive 

effect of T×D was also significant being higher with S1D2 while it was lower with S3D1. 

Regarding the interaction of treatment and depth, it was recorded that ECe was higher 

with T4D2 and was lower with T1D1. The interactive effect of T×A was also significant, 

being higher with T3 + control while it was lower for T1+ gypsum. Overall, it may be 

concluded that different EC to SAR ratio water decreased the ECe but the decrease was 

less in control compared to that of gypsum or FM application. The order of decrease for 

ECe was G > FM > M > C with all the treatments applied on all three soils. ECe increased 

linearly with ECiw and number of irrigations (Ghafoor et al., 1997). According to an 

estimate, 86 to 90 per cent variability in ECe of soil is accounted for by the ECiw applied 

to different crops grown on medium textured soil. The remaining variability in ECe may 

be due to factors, like soil texture, drainage conditions of fields and initial salt level of 

soil profile started declining. Average ECe of soil profile up to 150 cm was raised from 

1.23 to > 4.0 dS m-1 during this period.  
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4.2.5.  Summary and Conclusions 

  Four PV of applied water  with of LF 0.75, 0.77 and 0.78 that can remove 3008, 

4965 and 5048 kg ha-1 salts in LS, SiCL and SCL soil, respectively. For 1st, 2nd, 3rd and 

4th irrigations with LF of  0.82, 0.79, 0.75 and 0.71 removed 5682, 5000, 3967 and 2941 

kg ha-1 salts, respectively. For amendments, the decreasing order for salt removal was FM 

> G > M > C with LF= 0.85, 0.84, 0.71 and 0.68. The use of amendments in all the three 

soils decreased the pHs, ECe and SAR of soils that depend upon with different EC to SAR 

ratio of irrigation waters.  
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Overall, decreasing order of effectiveness of amendments for soil amelioration was FM > 

G > M > C.  It is recorded that use of water having different EC: SAR ratios without 

amendment increased pHs, ECe and SAR in SiCL and SCL soils but not in LS soils that 

highlight considerable role of soil texture which must be recognized with initiating any 

mega program of reclaiming saline-sodic soils in the prespective of national development 

strategies.  
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4.3. Study III:  Effectiveness of crops for reclamation of saline-sodic soil 
using amendments and water having different EC to SAR 
ratios. 

 
4.3.1.  Introduction 

 One of the most eminent problems of irrigated arid lands is soil salination and 

sodication, which warrant for site-specific additional management and reclamation 

efforts. Leaching of salt-affected soils with good quality water alone may be effective but 

the rate of reclamation is generally very slow and mostly depends upon EC: SAR ratio of 

soil-water system (Ghafoor and Salam, 1993). To expedite the reclamation process, 

application of Ca2+ amendments is highly useful and cost-effective for salt-affected soils 

(Murtaza et al., 2009). 

 Ground water in the Indus plain of Pakistan, in addition to have high EC and SAR, 

also contains Mg2+ > Ca2+.  Irrigating soils with high Mg2+ water has shown increased 

dispersion/crusting and decreased hydraulic conductivity of normal productive soils. 

High Mg2+ irrigation water without soil-applied amendments adversely affected growth 

components of rice and wheat crops. Most of the native ground waters have Ca2+: Mg2+ 

ratio less than 1:6. These waters can be extensively used on gypsum-amended soils for 

reclamation to save canal water for good soils (Ghafoor et al., 2001; Ghafoor et al., 

2004).  

Crops help amelioration of calcareous salt-affected soils through modifying the 

soil environment when they release CO2 during root respiration (Robbins, 1986) along 

with excretion of exudates (Dormaar, 1988). The CO2 forms carbonic acid upon 

dissolution in water, which dissolves the soil lime (Amrhein et al., 1985; Qadir and Oster, 

2002). This action of crops could provide a low cost amendment to sustain soil quality. 

Crops grown during reclamation of saline-sodic soils could also contribute to the 

economy of farmers (Ghafoor et al., 2004; Qadir et al., 2007). Unsustainable and 

continuous use of saline/sodic water could result in deterioration of soil health and 

reduced crop yield. Agricultural crops/ varieties behave differently with brackish water 

irrigation in relation to their growth and yield. Studies have shown that saline agricultural 

drainage waters can be used successfully to grow crops without any detrimental effect on 

crops or soils provided appropriate management practices are followed (Murtaza et al., 
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2009). Soil salinity may reduce crop yields by upsetting the water and nutritional balance 

of plants, while sodicity affects plant growth by deteriorating the physical condition of 

soils or by disturbing the plant nutrition due to excess in the root medium. Waters having 

high ECiw and SARiw proved more hazardous for rice compared to wheat even at lower 

EC to SAR ratios (Murtaza et al., 2009). 

 Keeping all this in mind the objectives of the present study were: 
 

1. Investigate the reclamation response of saline-sodic soils receiving water of different 
EC: SAR ratios. 
 

2. Study effectiveness of amendment and crop rotation for saline-sodic soil 
amelioration. 
 

4.3.2. Methodology 
 

 This experiment was conducted in pots using calcareous saline-sodic soil in the 

wire house, Institute of Soil and Environmental Sciences, University of Agriculture, 

Faisalabad during the year 2009. Soil in bulk was collected from upper 15 cm located at 

village Dheroki, District Toba Tek Singh, Punjab, Pakistan. Soil was analyzed to 

determine physical and chemical characteristics (Table 3.1). This experiment was 

conducted in glazed pots using sandy clay loam soil which was used in Study 4.2. 

Amendments were mixed in bulk soil samples as control with no amendment (C), farm 

manure at 10 t ha-1 (FM). FM was collected from the buffalo shed of a farmer (1.65% N, 

0.46% P, 1.48% K, organic carbon 51.5% and 75% moisture content). Agricultural grade 

gypsum (G) having 70% purity, passed through 30-mesh sieve was applied at 100% soil 

gypsum requirement (3.94 t ha-1) before transplanting/sowing rice (Oryza sativa L.) and 

sorghum (Sorghum bicolor L.) crops, mixed well in the top 10 cm layer. Soil gypsum 

requirement was determined by Schoonover’s method (Schoonover, 1952). Mulch 

(chopped wheat straw left after separating grains) was applied at 10 t ha-1 (M). Following 

treatments were replicated three times in Completely Randomized Design as: T1 = EC 0.6 

& SAR 6 (Leaching with brackish water of EC 0.6 and SAR 6, T2 = EC 1.0 & SAR 12 

(Leaching with brackish water of EC 1.0 and SAR 12), T3 = EC 2.0 & SAR 18 (Leaching 

with brackish water of EC 2.0 and SAR 18). Two crop rotations were tested with the 

above set of treatments and amendments. Crop rotations followed were rice-wheat and 
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sorghum-oat. Rice and wheat crops are used as staple food in Pakistan and rice is 

preferred first crop during reclamation of salt-affected soils (Qadir et al., 2001. Sorghum 

and oat are common fodder crops in the Indus Basin of Pakistan and the animals love to 

eat it. It is preferred in rotation with berseem (Trifolium alexandrium) or oat (Avena 

sativa) by the farmers in marginal salt-affected soils (Murtaza, 2011). Berseem growth is 

suppressed during the months of January and February due to frost but oat can perform 

better during frost days. Summer crops (rice and sorghum) were sown in July 15, 2009 

and harvested at maturity (rice October 30, 2009 and sorghum September 25, 2009). 

Thereafter, winter crops (wheat and oat) were sown in November 25, 2009 and harvested 

upon maturity in April, 2010. 

 After mixing amendments in the soil, 10 kg soil was added in each pot and tapped 

to achieve uniform packing. Canal water [EC 0.23 dS m-1, SAR 0.89 (mmol L-1)1/2, RSC= 

nil] at 75% of saturation was applied without allowing any free leaching such that soil 

was packed uniformly. The pots were connected with plastic bottles at the bottom to 

collect leachates. Approximately 2 mm thick layer of glass wool and 2 cm layer of sand 

were placed on the outlet in order to facilitate leaching and to check the loss of soil.  

 For rice, five hills in each pot were maintained, where two rice seedlings per hill 

were transplanted in all the 36 pots. For sorghum, four plants were transplanted, but only 

two plants were kept in pots, other plants were uprooted, crushed and buried in the soil. 

For wheat and oat, ten seeds of each were sown and after 15 days of germination, only 

five plants were maintained. The rest of the plants were uprooted, cut into pieces and 

buried in soil in respective pots. Four leachate samples were collected throughout the 

growth period of each rice and sorghum crop. Fertilizer details are given in Table 4.1. 

After the completion of experiment, pots were sampled. The same methodology was 

followed for wheat-oat crop rotation. 

Table 4.1.  Dose of fertilizer used in the study III (pot experiment) 

Item Fertilizer g pot-1 (For 10 kg soil)   
Fertilizer  N P K 
Rice-sorghum ( NPK 100, 60, 30 kg ha-1) 2.27 0.90 0.49 

Wheat-oat (NPK 100, 60, 30 kg ha-1) 2.27 0.90 0.49 

N = urea; P = Single super phosphate; K= Sulphate of potash.  
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4.3.3.  Results and Discussion 
  

4.3.3.1.  Leaching fraction and salt removal during rice and sorghum crops 
 

 Successful reclamation of salt-affected soils involves not only leaching of soluble 

salts and desorbed sodium but also an improvement in soil physical properties. Therefore 

reclamation of such soils without the application of amendments could be wastage of 

resources. Leaching fraction (LF) is an important consideration in judging the 

reclamation of saline-sodic soil when an amendment is applied. For rice, treatments (T), 

leachates (L), amendments (A) and their combinations (T×A, T×L, and L×A) remained 

significant for LF (Figs. 30, 31 and 32; Appendix 15 and 16). The LF was the highest for 

T3 (0.26) and T2 (0.25) and the lowest for T1 (0.24). The LF was the highest for L1 (0.32) 

followed by L2 (0.26), L3 (0.23) and L4 (0.20). For amendment, higher LF was recorded 

for G (0.32) and lower (0.20) with control. With T×A combination higher LF (0.32) was 

recorded with T3G and was lower (0.20) for T1C. In general, T3 with G amendment 

yielded higher LF as compared to rest of the amendments. In T×L combinations, higher 

LF was obtained from T3L1 (0.33) and lowest (0.19) for T1L4. For L×A combination, 

higher LF was obtained with L1G (0.41) and was lower with L4C (0.17).  
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 For better understanding we converted the data regarding salt removal (mg leachate-

1 into kg ha-1) as shown in (Figs. 33, 34 and 35; Appendix17 and 18). Salt removal (kg 

ha-1) was the highest with T3 followed by T2 and T1 with values as 767, 716, and 570. 

Salt removal was higher in L1 followed by L2, L3 and L4 having values as 1038, 708, 568 

and 422. For amendments, higher salts were removed (1366 kg ha-1) with G application. 

For T×A combination, more salts were removed with T3G (1476 kg ha-1) and lowest with 

T1C (178 kg ha-1). Higher salts (1173) were removed with T3L1 and lower (343) with 

T1L4. Higher salts (kg ha-1) were removed with L1G (2128) and lower with L4C (188). 
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 After application of four irrigations, T3 (EC2.0&SAR18), T2 (EC1.0&SAR12) and 

T1 (EC0.6&SAR18) with LF 0.26, 0.25 and 0.24 can remove 767, 716 and 570 kg ha-1 

salts, respectively under rice crop. In 1st, 2nd, 3rd and 4th irrigation with LF 0.32, 0.26, 

0.23 and 0.20 removed 1038, 708, 568 and 422 kg ha-1 salts. For amendments, the 

decreasing order for salt removal (kg ha-1) was G (1366) > FM (765) > M (330) > C 

(275) with LF 0.32, 0.27, 0.22 and 0.20.  In T×A combination, salt removal (kg ha-1) was 

the highest with T3G (1476) with LF 0.32 and the lowest with T1C (178) with LF 0.20.  

 The reason for high LF in the first leachate seems due to lack of equilibrium 

between soil, irrigation water and high initial soil salinity. The leaching water salinity 

decreases after few irrigations which means that leaching of salts from soil profile was 

more effective during the first few irrigations which subsequently decreased (Katerji et 

al., 2005). The decreasing order for amendments was G > FM > M > C. This seems due 

to the fact that application of FM can help to enhance organic matter contents, increase 

partial pressure of CO2, lower pHs, enhance solubility of native CaCO3 and add 

considerable amount of plant nutrients into soils (Qadir et al., 2001). 

 Relatively higher ratios of EC and SAR of drainage and ground waters have been 

found to improve water conducting properties of soils which resulted in better and rapid 

amelioration of saline-sodic soils (Ghafoor et al., 2000, 2001). Generally gypsum is used 

to replace sodium in saline-sodic soils which have low hydraulic conductivity and 

hardpan at certain depth in profile (Rehman et al., 2002). Naseri and Rycroft (2002) used 

special permeameters and measured the effect of leaching water quality on the properties 

of saline-sodic soils during leaching. They found that extensive swelling occurred when 

low salinity water (EC 0.50 dS m-1, SAR 0.60) was used. The swelling for a particular 

initial soil sodicity level increased as the salinity of the leachate decreased. Increasing 

calcium concentration in the leaching water not only reduced swelling during the 

leaching process, but also controlled the dispersion and migration of clay particles. 

Amelioration of sodic and saline-sodic soils with high clay content, particularly where 

montmorillonite is the dominant clay mineral, is technically difficult and expensive. 

When water is applied for leaching, the clay swells rapidly, destroying the macro-pores, 

which provide the primary drainage pathways.  
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For sorghum crop, the treatments (T), leachates (L), amendments (A) and their 

combination T×A, T×L, and L×A remained significant for LF (Figs. 36, 37 and 38; 

Appendix 19 and 20). The LF was the highest for T3 (0.28) followed by T2 and T1. The 

LF for leachates was the highest for L1 (0.31) followed by L2, L3 and L4 (0.24). For 

amendments, higher LF was recorded for FM (0.30) and lower with C = M. With T×A 

combination, higher LF was recorded with T3FM (0.30) and lower for T1C. In general, T3 

(EC2.0&SAR18) coupled with FM amendment yielded higher LF compared to rest of the 

amendments. In T×L combination, higher LF was obtained from T3L1 (0.32) and lower 

for T1L4 (0.23). Among L×A combination, the first leachate (L1) with FM yielded higher 

LF (0.34) and lower with L4M (0.21). 
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Over all it may be simulated that 1PV of water having  EC 2.0 and SAR 18 can 

remove salts with amendments in the descending order as G > FM > M > C with  values 

as 1366, 765, 330 and 275 kg ha-1. It depicts that for initial reclamation of salt-affected 

soils, low quality irrigation waters are generally useful and sometimes even better with 

amendments than canal water alone owing to favorable effect of their electrolytes on soil 

infiltration rate and hydraulic conductivity (Shainberg and Letey, 1984).  

 Salt removal (kg ha-1) was calculated by converting salt removal mg leachate-1 into 

kg ha-1 (Figs. 39, 40 and 41; Appendix 21 and 22). Higher salts (kg ha-1) were removed 

with T3 (697) followed by T2 (626) and T1 (490). Salts removal was higher in L1 (781) 

and lower for L4 (438).  For amendments, salt removal was more with FM application 

(997 kg ha-1) and less with C (265). Regarding combinations of T×A, higher salts were 

leached with T3FM (1082 kg ha-1) and lower with T1C (150 kg ha-1). Higher salts were 

removed with T3L1 (917 kg ha-1) and lower (352) with T1L4.  Salt removal was more for 

L1FM (1404 kg ha-1) and lower with L4C (171 kg ha-1). 
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 After application of four irrigations, T3 (EC2.0&SAR18), T2 (EC1.0&SAR12) and 

T3 (EC0.6&SAR18) with LF 0.28, 0.27 and 0.26 removed 697, 626, 490 kg ha-1 salts 

under sorghum crop. In 1st, 2nd, 3rd and 4th irrigation with LF 0.31, 0.29, 0.25 and 0.24 

removed 781, 670, 521 and 438 kg ha-1 salts. For amendments, the decreasing order was 

FM > G > M > C with LF 0.30, 0.28, 0.25 and 0.25 with values as 997, 848, 306 and 265 

kg ha-1. In T×A combination, salt removal remained better with T2FM (1082 kg ha-1) 

with LF 0.30 and lower with T1C (150 kg ha-1) with LF 0.24. 

 Earlier different researchers have calculated LF from leachate volume (mL) and EC 

of leachate (dS m-1). But none of the workers has calculated salt removal (kg ha-1) for 

application in the field conditions. Murtaza (1997) calculated LF from a lysimeter study 

on calcareous saline-sodic soil amended with different gypsum levels, i.e. control, 

gypsum at 50% SGR, gypsum at 75% SGR and gypsum at 100% SGR. It was concluded 

that LF was the highest for the treatment where gypsum was applied at 100% SGR (0.73) 

followed by 75% (0.72), 50% (0.53) and lowest for control (0.51) and values for salt 

removal were 747, 646, 757 and 350 kg ha-1, respectively. 

 Kahlown et al. (2002)) concluded that fodder crops decrease the soil salinity and 

sodicity to varying extent during reclamation of calcareous saline-sodic soil. However, 

amongst them sorghum proved to be the most effective for biological reclamation 

(Murtaza, 2011). The leaching of salts from the soil profile is more effective at the 

beginning of the crop growth stages and thereafter becomes less effective. With 

increasing leaching level, the salinity of drainage water and the rate of change of drainage 

water salinity decreases with respect to both the time and leaching level. It was found that 

drainage water salinity becomes nearly constant after several irrigations. For saline-sodic 

soils, special attention should be paid to the computation of leaching requirement taking 

into account that soil water is less available to crops (Singh and Kundu, 2000; Li et al., 

2004). The main difference in leachate obtained during the crops was ponding conditions 

along with high ECiw. Therefore, more LF of leachate and amount of salts was removed 

for intermittent ponding during sorghum than continuous ponding during rice. 

4.3.3.2.  Leaching fraction and salt removal during wheat and oat crops 
 

 Wheat and oat were grown as second crops after rice and sorghum. Wheat was 

sown after rice and sorghum was sown after oat. For wheat crop, the treatments (T), 
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leachates (L), amendments (A) and their combinations (T×A, T×L, L×A) remained 

significant for the LF (Figs. 42, 43 and 44; appendix 23 and 24). For wheat, LF was the 

highest for T3 = T2 and lowest for T1 with values as 0.25 and 0.24. The LF remained 

higher for L2 followed by L1, L3 and L4. Higher LF was recorded for FM and less with C. 

For T×A combination, LF was higher for T3FM (0.28) and lower with T1C (0.22). In 

general, higher LF was recorded with T3 (EC 2 and SAR 18) and lower with T1 (EC 0.6 

and SAR 6). In T×L combination, higher LF was obtained for T3L2 (0.27) and lower with 

T1L4 (0.22). Among L×A combinations, LF was higher for L2FM (0.29) and lower for 

L4C (0.20).  
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 The data regarding salt removal (mg leachate-1) was converted into kg ha-1 (Figs. 

45, 46 and 47; Appendix 25 and 26). The mean values for salt removal were higher for T3 

followed by T2 and T1 with values as 662, 597 and 471 kg ha-1. Higher salts were 

recorded with L1 followed by L2, L3 and lower with L4. For amendments, salt removal 

was higher with FM (946 kg ha-1) and lower with C (261 kg ha-1). For T×A combination, 

salt removal remained higher with T3FM (1025 kg ha-1) and lower with T1C (156 kg ha-

1). For leachates, salt removal was higher with T3L1 (727 kg ha-1) and lower with T1L4 

(420 kg ha-1). For L×A combination, higher LF was obtained with L1FM (1059 kg ha-1) 

and lower for L4C (244 kg ha-1). 
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 After application of four irrigations in SCL soil, T3 (EC2.0&SAR18), T2 

(EC1.0&SAR12) and T1 (EC0.6&SAR18) with LF 0.25, 0.25 and 0.24 removed 662, 597 

and 471 kg ha-1 salts during wheat crop. In 1st, 2nd, 3rd and 4th irrigation with LF 0.26, 

0.25, 0.24 and 0.23 removed 631, 620, 549 and 508 kg ha-1 salts. It was concluded that 

application of brackish water (EC 2.0 and SAR 18) in FM amended soil with LF 0.28 

removed 946 kg ha-1. 
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 For oat, the treatments (T), leachates (L), amendments (A) and their combinations 

(T×A, T×L, L×A) remained significant for LF (Figs. 48, 49 and 50; Appendix 27 and 

28). The LF was the highest for T3 followed by T2 and T1. The LF remained higher for L1 

followed by L2, L3 and L4. Higher LF was recorded for G and lower with C. For T×A 

combination, LF was higher for T3G and lower with T1M. In general, higher LF was 

recorded with T3 (EC 2 and SAR18) and lower with C (EC 0.6 and SAR 6). In T×L 

combination, higher LF was obtained for T3L1 (0.26) and lower with T1L4 (0.18). .Among 

L×A combinations, LF was higher for L2G (0.37) and lower for L4M (0.12).  
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 The salt removal (kg ha-1) given in Figs. 51, 52 and 53 was calculated from mg 

leachate-1 data (Appendix 29 and 30). The mean values for salt removal were higher for 

T3 (3043 kg ha-1) followed by T2 (2711 kg ha-1) and T1 (2073 kg ha-1). More salts were 

removed in L1 followed by L2, L3 and lower with L4. For amendments, salts removal was 

greater with FM and lower with C having values as 4454 and 1017 kg ha-1, respectively. 

For T×A combination, LF remained higher for T3FM and lower for T1C with values as 

4855 and 483 kg ha-1, respectively. For treatments, salt removal was higher with T3L2 

(3300 kg ha-1) and lower with T1L4 (1841 kg ha-1). For L×A combination, salt removal 

was higher with L1FM (5019 kg ha-1) and lower for L3C (869 kg ha-1).  
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 After application of four irrigations, T3 (EC2.0&SAR18), T2 (EC1.0&SAR12) and 

T3 (EC0.6&SAR18) with LF values of 0.26, 0.26 and 0.24 removed 608, 542 and 415 kg 

ha-1 salts under oat crop.  In 1st, 2nd, 3rd and 4th irrigation with LF 0.27, 0.26, 0.25 and 

0.23 removed 573, 560, 466 and 457 kg ha-1 salts. It was found that application of 

brackish water (EC 2.0 & SAR 18) with LF 0.29 in FM amended soil removed 971 kg ha-

1 salts while low EC water (EC 0.6 and SAR 6) with LF 0.22 removed only 97 kg ha-1 

salts. 
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Low ECiw and/or ECe tends to decrease soil infiltration through increasing the 

zeta potential while high SARiw produces opposite results (Ayers and Westcot, 1985; 

Girdhar, 1988; Ghafoor et al., 1990, 2001, 2002; Raza et al., 2000). This quality 

parameter is very important for brackish water management through maintaining a LF as 

well as if used for reclaiming salt-affected soils. However, presently this parameter is not 

generally considered for water use guidelines but with the increased use of relatively low 

quality irrigation waters needs even more emphasis.  

 Almost similar pattern for LF and salt removal was recorded in response to 

treatments, amendments and their combination after rice-sorghum and wheat-oat crops. A 

decrease in adsorbed sodium in soil helped to promote the infiltration rate through soil 

columns (Shainberg et al., 1989; Ghafoor et al., 1998, 2001). Higher amount of water 

passed through soil columns receiving gypsum has been noted by several researchers. 

The sustained high electrolyte concentration promoted Na-Ca exchange that in turn 

induced flocculation of dispersed saline-sodic soils (Ghafoor et al., 1988). From control 

and mulch amended soils LF gradually decreased with time. This might be due to the 

removal of soluble salts without enough removal of Na+ and thereby dispersion of soil 

(Aurora and Singh, 1980). In all the three soils, gypsum and FM perform better and there 

was no significant decrease in LF. This shows that  the applied gypsum acted initially as 

a source of electrolyte (Loveday, 1976) and along with the original solute concentration 

facilitated the water infiltration which gradually decreased due to decrease in EC (Oster, 

1993). A decrease in LF with control and mulch treatments seems because of dispersion 

of soil. Over all, it warranted the need of gypsum and/or FM application on relatively fine 

textured sodic /saline-sodic soils. 

4.3.4. Post-study soil characteristics 
 

Soil reaction (pHs) 
 

pHs after rice and sorghum crops: The effect of treatments, amendments and T×A 

combination on pHs remained significant after rice and sorghum crop (Figs. 54, 55; 

Appendix 31 and 32). Higher pHs was recorded with T1 followed by T2 and T3. For 

amendments, higher pHs was recorded for M followed by C, FM and G. For T×A 

combination, higher pHs was recorded with T3C and lower with T1F. 



 99

 

 

 
 

 pHs after wheat and oat: Almost similar pattern in pHs values was recorded in 

response to treatments, amendments and their combinations after wheat and oat crops 

(Figs. 56, 57; Appendix 33 and 34). Although these were different among absolute pHs 

values statistically different among T, A and T×A. The effect of treatment, amendment 

and T×A on pHs remained significant after wheat crop. Higher pHs was observed with T3 

followed by T2 and T1. For amendments, higher pHs was recorded for C followed by M, 

G and FM. For T×A combination, higher pHs was recorded with T3C and lower with T1F.  
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 The pH of the soil-water system above 8.4 induces precipitation of CaCO3 while 

lower values help its dissolution. During early days, pHs was associated with the degree 

of soil reclamation, especially with change in soil sodicity (Ghafoor, 1984; Qadir et al., 

2007). Although pHs is not considered a valid criteria to characterize saline-sodic or sodic 

soils, since its values depends upon ECe to SAR ratios (Bohn et al., 1985; Qadir et al., 

2004, 2007). Decrease in pHs due to application of manure could be due to the release of 

organic acids during decomposition of OM (Walker et al., 2003). Farm manure 
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application also improves different physico-chemical properties of soils that support plant 

growth, while pHs with mulch did not decrease significantly compared to control and this 

could be due to slow decomposition of OM contributed by mulch (Karaca, 2004). 

Soil salinity (ECe) 

ECe after rice and sorghum: The effect of treatments, amendments and T×A 

combination on ECe remained significant after rice crop (Figs. 58, 59; Appendix 35 and 

36). Higher ECe was recorded with T3 followed by T2 and T1. For amendments, higher 

ECe was recorded for C followed by M, G and FM. Regarding T×A combination, higher 

ECe was recorded for T3C and lower with T1F. Similar pattern in ECe values with 

treatments, amendments and T×A combination were recorded after sorghum with 

statistical differences among the variables under studies.  
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ECe after wheat and oat: The effect of treatments, amendments and T×A combination 

on ECe remained significant after both the wheat and oat crops (Figs. 60, 61; Appendix 

37 and 38). Higher ECe was recorded with T3 followed by T2 and T1. For amendments 

higher ECe was recorded for C followed by M, G and FM. Among T×A combinations, 

higher ECe was recorded for T3C and lower with T1F.  
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 The decrease in EC of soil over initial value with all the treatments appears due to 

action of water that dissolved and carried salts while passing through soils. Crop growth 

helped decrease the EC, although to a small extent, through ion uptake to produce plant 

biomass (Ahmad et al., 1990). Cultivation of plants alone need large amount of water to 

decrease ECe to levels suitable for most crops. 

Soil sodicity (SAR) 

SAR after rice and sorghum: The effects of treatments, amendments and T×A 

combination on soil SAR were significant after both the rice and sorghum (Figs. 62, 63; 

Appendix 39 and 40). Higher SAR was recorded with T3 followed by T2 and T1. Among 

amendments, higher SAR was recorded for C followed by M, G and FM. Among T×A 

combinations, higher SAR was recorded for T1C. However, SAR was lower with T3F 

after rice and with T1FM after sorghum.  
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SAR after wheat and oat: The main factors and their combinations affected the soil 

SAR statistically after wheat and oat (Figs. 64,  65; Appendix 41 and 42). Higher SAR 

was observed with T3 followed by T2 and T1. For amendments higher SAR was recorded 

for C followed by M, G and FM. Among T×A combinations, higher SAR was recorded 

for T1C and lower with T1F after wheat and higher SAR was recorded for T3M and lower 

with T1G.  
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 The decrease in SAR might be due to valence dilution as demonstrated by Reeves 

and Bower (1960) to promote reclamation of sodic soils. Lower SAR with addition of 

Ca2+ and Mg2+ through canal water was due to retention of Ca2+ + Mg2+ in soil compared 

to that of added. Ghafoor et al. (1987) recorded that growing rice and wheat crops with 

tube well water (EC 1.6-2.2 dS m-1, RSC 3.6-9.2 mmolc L
-1, SAR 6.6-12.2) transform a 

saline-sodic soil into highly sodic soil without the addition of any amendment. A 

decrease in SAR with all treatments depicted that during the studies, decrease in Ca2+ + 

Mg2+ in soil is not proportionate to that of Na+, since Ca2+ + Mg2+  mobility is less than 

that of the Na+ in the soil. Due to high evapotranspiration with rice-wheat growth, 

concentration of solution caused precipitation of Ca2+ as CaCO3, which helped to 

maintain high SAR of soil.  

 It is concluded that addition of some direct and indirect sources of Ca2+ for the 

reclamation of saline-sodic soils is imperative where marginal quality water is used for 

irrigation. The results are in contradiction to those of Qadir et al. (1996) and Ilyas et al. 

(1990) who used good quality irrigation water (EC < 0.3 dSm-1, RSC = nil,  SAR < 1.0, 

pH< 8) during phytoremediation of marginal soils.  

4.3.4.1. Crop growth parameters 

Rice paddy and straw yields: Paddy and straw yields (g pot-1) remained higher with T3 

followed by T2 and T1 (Tables 4.2 and 4.3). Among amendments, higher paddy and straw 

yields were obtained with FM followed by M and C. Among T×A combinations, higher 

paddy yield was recorded with T1FM and lower with T3C, while straw yield was higher 

for T3FM and lower with T1C.  

Table 4.2.   Effect of gypsum, farm manure, mulch and water quality on rice paddy 
yield (g pot-1) 

 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18) 

C 3.81e 4.06e 4.31e 
G 10.06d 10.81cd 12.06c 
FM 17.06b 18.31b 20.62a 
M 4.16e 4.26e 4.56e 

MEAN 
Treatment (T) T1 8.77b T2 9.36b T3 10.39a
Amendment (A) C 4.06c G 10.98b FM 18.67a M 4.33c 

Values sharing same letter(s) in rows are statistically similar at P < 0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t 
ha-1; LSD: Treatments =0.88*, Amendments = 0.12*, T×A = 0.19*. 
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Table 4.3.   Effect of gypsum, farm manure, mulch and water quality on rice straw 
yield (g pot-1) 

 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18) 

C 32.3g 34.3fg 36.3ef 
G 45.3d 46.3cd 48.3c 
FM 62.3b 64.3ab 66.3a 
M 34.3fg 35.3ef 37.3e 

MEAN 
Treatment (T) T1 43.58c T2 45.08b T3 47.08a 

Amendment (A) C 34.33c G 46.66b FM 64.33a M 35.66c 

Values sharing same letter(s) in rows are statistically similar at P < 0.05. 
C= Control, G= Gypsum @ 100% SGR, FM= Farm manure @ 10 t ha-1, M= Mulch@10 t ha-1. 
LSD: Treatments =0.12*, Amendments = 0.14*, T×A = 2.82*. 
 

Mehdi et al. (2011) conducted field experiment on integrated nutrient 

management on a saline-sodic soil and found that grain and straw yields increased 

significantly with different combinations of organic manures and chemical fertilizers. 

Grain and dry matter yields of sorghum: The effect of amendments and T×A 

combinations were significant and for treatments it was non-significant (Table 4.4). 

Higher grain yield (g pot-1) was recorded with T2 followed by T3 and T1. Among 

amendments, higher grain yield was obtained from M. Among T×A combinations, grain 

yield remained greater for T1M and lower with T3F.  

Table 4.4.   Effect of gypsum, farm manure, mulch and water quality on sorghum grain 
yield (g pot-1) 

 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18) 

C 32.6d-f 35.1c-e 35.9c-e 
G 37.2b-d 40.6a-c 36.7b-d 
FM 27.4f 29.7ef 26.1f 
M 45.1a 41.2a-c 42.8ab 

MEAN 
Treatment (T) T1 35.2 T2 37.1 T3 35.4 

Amendment (A) C 35.1b G 37.6b FM 27.8c M 43.1a 

Values sharing same letter(s) in rows are statistically similar at P < 0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 
10 t ha-1. 

LSD: Treatments =0.92*, Amendments = 0.11*, T×A = 0.18*. 
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Almost similar pattern for dry matter production was recorded for treatments, 

amendments and T×A combination (Table 4.5). Shaheen et al. (2010) found that 

synergistic use of organic matter and mulching improved water use efficiency and yield 

of sorghum. 

 
 Table 4.5.   Effect of gypsum, farm manure, mulch and water quality on sorghum 

total dry matter yield  (g pot-1) 
 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 
18)

C 120c-e 124cd 125d 
G 122c-e 127c 118de 
FM 115e 124cd 120c-e 
M 166a 149b 162a 

MEAN Treatment  (T) T1 131 T2 131 T3 132
Amendment (A) C 123b G 122b FM 120b M 159a

Values sharing same letter(s) in rows are statistically similar at P < 0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 
10 t ha-1. 
SE: Treatments =4.10*; Amendments = 4.74*; T×A = 8.21*. 
 

Grain and straw yields of wheat: The effect of treatments, amendments and T×A 

combinations were statistically significant (Table 4.6). Higher grain yield (g pot-1) was 

recorded with T2 followed by T3 and T1. Among amendments, higher grain yield was 

recorded for FM followed by G, M and C. Among T×A combinations, grain yield 

remained higher for T1F and lower with T2C. Almost similar response of straw yield was 

observed in response to treatments, amendments and T×A combination (Table 4.7). 

Table 4.6.  Effect of gypsum, farm manure, mulch and water quality on wheat grain yield 
(g pot-1) 

 

Amendment T1 (EC 0.6 & SAR 
6)

T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 
18)C 18.5h 17.9h 18.7gh 

G 23.7cd 24.3bc 23.3d 
FM 25.1ab 25.7a 25.8a 
M 19.4fg 19.9ef 20.7e 

MEAN 
Treatment (T) T1 21.7b T2 22.2a T3 21.9ab
Amendment (A) C 

18 4d
G 23.7b FM 

25 5
M 20.0c 

Values sharing same letter(s) in rows are statistically similar at P < 0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t 
ha-1. 
LSD: Treatments =0.40*, Amendments = 0.46*, T×A = 0.80*. 
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Table 4.7.   Effect of gypsum, farm manure, mulch and water quality on wheat 

straw yield (g pot-1) 
 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18) 

C 34.4h 35.1gh 32.7h 

G 50.2cd 51.7bc 48.8d 

FM 54.2ab 56.2a 56.4a 

M 37.1fg 38.7ef 41.1e 

MEAN 
Treatment (T) T1 44.0b T2 45.4a T3 44.8ab 

Amendment (A) C 34.1d G 50.3b FM 55.6a M 39.0c 

Values sharing same letter(s) in rows are statistically similar at P < 0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 
10 t ha-1. 
LSD: Treatments =0.14*, Amendments = 0.46*, T×A =2.44*. 
 
Grain and dry matter yields of oat: The effect of treatments, amendments and T×A 

combinations were statistically significant on grain yield (Tables 4.8) and dry matter 

(Table 4.9). Higher grain yield (g pot-1) was recorded with T3 followed by T2 and T1. 

Among amendments, higher grain and dry matter yields were recorded for FM followed 

by G, M and C. Regarding T×A combination, higher yields were recorded for T3F and 

lower with T1C. 

Table 4.8.  Effect of gypsum, farm manure, and mulch and water quality on oat grain 
yield (g pot-1) 

 

Amendment T1 (EC 0.6 & SAR 
6)

T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 
18)C 30.4b 14.2h 17.5g 

G 22.3e 29.0d 31.2b 
FM 22.2e 30.1c 36.9a 
M 13.9hi 20.5f 18.0g 

MEAN 
Treatment (T) T1 17.9c T2 23.4b T3 25.9a 
Amendment (A) C 

14 95d
G 
27 47b

FM 
29 75

M 17.45c 

Values sharing same letter(s) in rows are statistically similar at P < 0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t 
ha-1. 
LSD: Treatments =0.52*, Amendments = 0.60*, T×A =0.12*. 
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An appropriate selection of plant species capable of producing adequate biomass 

is vital while using saline and/ or sodic waters for irrigation or cultivating salt-affected 

soils. Such selection is generally based on the ability of a crop to withstand ambient 

levels of soil salinity and sodicity (Maas and Hoffman, 1977) while providing a saleable 

product or one that can be used on-farm (Qadir and Oster, 2002). The salt tolerance of a 

crop is not an exact value because it depends on  

 ` 
Table 4.9. Effect of gypsum, farm manure, mulch and water quality on oat dry 

matter yield (g pot-1) 
 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18) 

C 28.0h 35.6e 34.0ef 
G 53.2d 61.3c 64.4c 
FM 70.7b 76.3a 78.3a 
M 29.8gh 32.0fg 36.4e 

MEAN 
Treatment (T) T1 45.4c T2 50.9b T3 53.7a

Amendment (A) C 32.5c G 59.6b FM 75.1a M 32.7c 

Values sharing same letter(s) in rows are statistically similar at P < 0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 

10 t ha-1. LSD: Treatments =0.52*, Amendments = 0. 
 

several soil, crop and climatic factors. It reflects the capacity of a crop to endure the 

effects of excess root zone salinity. Although the capacity of a crop to endure salinity 

cannot be stated in  

 absolute terms, the relative crop responses to known salinities under certain conditions 

can be predicted.Growth parameters of the crop remain the varietal production potential 

due to high ECe and SAR of soil. Ayer and Westcot (1985) reported 50% reduction in 

yield at SAR 50 (mmol L-1)1/2 and ECe 13 dS m-1. Gypsum and FM improves soil physical 

and chemical properties of soil which proved beneficial. Addition of FM could contribute 

OM in the soil which will effect CO2 sequestration (Beltran, 1999), phenomena of global 

and environmental interest.   

4.3.5 Summary and Conclusions 

From results, it may be inferred that 1 PV of brackish water with higher EC: SAR 

(EC 2 and SAR 18) could be used beneficially, if proper amendments are selected. For 

rice crop, the order of effective amendments in the decreasing order of G > FM > M > C. 
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With sorghum, the order was FM > G > M > C. For wheat, the order was FM > G > M > 

C, and for oat it was G > FM > M > C. Leaching effectiveness decreased with increasing 

irrigation water salinity without accumulation of salts in soils. It depicts that for initial 

reclamation of salt-affected soils, low quality irrigation waters could be useful and 

sometimes even better with amendments than canal water alone owing to favourable 

effect in former electrolytes water on soil infiltration and hydraulic conductance. In the 

present studies, salt removal from soils was the lowest when leaching fraction was 0.20 

and was the highest when leaching fraction was 0.32i.e. depicts positive relationship 

values. However these values are most likely to differ for soils with different properties 

and quality of irrigation waters which suggest more farm level studies. Salt accumulation 

in soils varied with respect depending on the soil depth and leaching fractions. It is 

suggested that quality of water and the amount of salt accumulated in the profile should 

be measured after short intervals to avoid and manage problems arising irrigation with 

low quality waters. However, current findings of pot studies must be validated under field 

conditions. 
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4.4.  Study IV: Amelioration of saline-sodic soil with amendments using 
brackish water, canal water and their combination. 

 
4.4.1.  Introduction 

 Arid and semi-arid regions are characterized by high evaporation which induces salt 

accumulation in the surface soil layers. Such accumulation of salts in soils may alter its 

physical and chemical properties, including soil structure, porosity and hydraulic 

conductivity (Quirk, 2001). High exchangeable Na+ and pH decrease soil permeability, 

available water capacity and infiltration rates through swelling and dispersion of soils as 

well as slaking of soil aggregates (Shainberg and Letey, 1984; Qadir and Schubert, 2002). 

 Rice-wheat crop rotation is generally practiced under continuous and intermittent 

ponding conditions in Pakistan and is also considered suitable during reclamation of 

saline-sodic soils. Rice cultivation has added benefits of monsoon rains which help to 

dilute the effects of salinity and sodicity. Wheat is relatively more tolerant to salinity 

whereas rice is more tolerant to sodicity and thus has proved promising crops with 

respect to economical yields during rehabilitation of all types of salt-affected soils (Ayers 

and Westcot, 1985; Ghafoor et al., 2004). 

 Appropriate management of saline-sodic waters (SSW) and salt-affected soils is 

advantageous for several reasons. For example, the use of high electrolyte waters with 

low concentration of Na+ could be useful during initial amelioration phase of saline-

sodic/sodic soils through favorably affecting the infiltration rate, bulk density (Ghafoor et 

al., 2008) and soil structure (Oster and Schroer, 1979). Therefore, the use of SSW may 

speed up the reclamation of such soils with the prospects of contributing to 

environmental conservation through carbon sequestration (Lal, 2001), increased farm 

employment, decrease rural migration and thus would help alleviate rural poverty. 

 Many investigators used different soil conditioners like organic manures, mineral 

fertilizers, sulfur and gypsum to avoid the risks of irrigation with low quality water for 

growing crops on both the normal and salt-affected soils (Gharaibeh et al., 2009; Ghafoor 

et al., 2010). Gypsum has been proved better and economical, benefits of which may 

continue to remain favorable for longer periods of time. The present study was conducted 

to evaluate certain conditioners, i.e. gypsum, farm manure and mulching to reclaim a 
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saline-sodic soil using SSW, canal water and their combination. The study was conducted 

in a farmer field with the following specific objectives: 

1.   To evaluate the effectiveness of gypsum, farm manure and mulching for 
reclamation of saline-sodic soil using SSW, canal water and their combination. 

2. To assess the growth response of rice and wheat crops to soil reclamation 
treatments using SSW and CW waters. 

3. To evaluate economics of soil-applied amendments under different water 

treatments. 

4.4.2.  Methodology 

 This experiment was conducted during 2009 and 2010 on a saline-sodic field at 

Gojra, District Toba Tek Singh, Pakistan. The experimental site was located at Gojra-

Jhang road about 15 km from Gojra and 65 km from Faisalabad. The soil under study 

was silty clay loam in texture, poorly drained, saline-sodic and developed in calcareous 

mixed alluvium developed during Pleistocene era. The experiment was laid out following 

a split plot design, water treatments were maintained in main plots and amendments in 

sub-plots. The design was replicated three times. There were three water treatments, 

namely canal water, brackish water and canal + brackish water (1:1). The plot size was 

10 m × 18 m with a rice-wheat crop rotation. Amendment treatments were T0 = Control 

(without amendments), T1 = Gypsum at 100% SGR of 15 cm layer, T2 = Farm manure 

(FM) at10 t ha-1, T3 = Mulching (chopped wheat straw left after separating grains) at10 t 

ha-1.  

 After layout of experiment, amendments, viz. gypsum and FM were incorporated 

into 0-15 cm soil layer. FM was collected from the buffalo shed of farmer (1.65% N, 

0.46% P, 1.48% K, organic carbon 51.5% and 75% moisture content). Agricultural grade 

gypsum (G) having 70% purity, passed through 30-mesh sieve was applied at 100% soil 

gypsum requirement (5.77 t ha-1). Soil gypsum requirement was determined by 

Schoonover’s method (Schoonover, 1952). For one month, soil was left fallowed and 

irrigated with canal water on weekly basis. After one month of amendments 

incorporation, soil was prepared by 3 times ploughing and planking. Nutrients N, P2O5 

and K2O were applied @ 90-60-40 kg ha-1, respectively (Table 4.10). Half of the N as 
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urea, all the P as single super phosphate and K as KCl were applied at the time of 

transplanting. Rice cv. SSR-1 was transplanted on July 26, 2009 without puddling the soil 

keeping row to row and hill to hill distance 22.5 cm. Mulch as wheat straw was added on 

the surface after transplanting rice. Remaining N as urea was applied in two equal splits 

at tillering and booting stages. Complete dose of Zn (5 kg Zn ha-1 as ZnSO4) was applied 

40 days after transplanting. The crop was raised to maturity. Harvesting was done 

manually, where the entire experimental plots were harvested during the third week of 

November 2009. The harvested crop was sun-dried for 5 days and threshed to record 

paddy and straw yields. Wheat cv. SR-1 was sown during. After rice harvest, field was 

prepared for sowing of wheat. Wheat cv. SR-1 was sown during the second week of 

December 2009 by hand drill using 100 kg ha-1 seed rate and by maintaining 0.2 m row to 

row distance. The nutrients N, P2O5 and K2O were applied @ 90, 60, 40 kg ha-1, 

respectively (Table 4.10). At the time of sowing, all the P initially was applied as single 

super phosphate and K as K2SO4 while half of the N as urea was applied. The remaining 

N as urea was applied in two equal splits at tillering and booting stages. At maturity, the 

crop was harvested from the entire plots during the first week of May 2010. After sun 

drying, the crop was threshed manually to record grain and straw yields. Composite soil 

samples were collected from each plot from 0-15 and 15-30 cm depths at three sampling 

times, i.e. after layout of the experiment (initial soil), after rice 2009 and then after wheat 

2009-10 harvest. Tube well and canal waters used for irrigation were analyzed 3 times 

during each of the rice and wheat growth periods. The tube well water available at farm 

was saline-sodic (Table 4.11). 

Table 4.10 Summary of irrigation water applied to rice and wheat crops, rainfall  
                 and nutrient application 
 
 
Crop 

Irrigation input and 
rainfall 

Relative 
humidit

y 
(%) 

Tem
p 

(ºC) 

Nutrient applied (kg 
ha-1) 

Irrigatio
n (mm) 

Rainfa
ll 
(mm) 

Total 
(mm)

N P2O5 K2O 

Rice 2009 1600 170 1770 58 32 90 60 40 
Wheat 2009-
10 

340 155 495 47 19 90 60 40 
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Table 4.11  Quality of canal and tube well waters used for growing rice and wheat  
                     crops 
 
Characteristic Unit Canal water Tube well water 
EC dS m-1 0.24 3.68 
Ca2+ + Mg2+ mmolc L

-1 1.60 6.70 
Na+ ″ 0.80 30.40 
HCO3

- ″ 1.10 6.36 
Cl- ″ 0.80 6.27 
SO4

2- ″ 0.50 20.51 
SAR (mmol L-1)1/2 0.89 16.40 
RSC mmolc L

-1 Nil 1.21 
Values are average of 6 determinations, and there was minor variation in tube well water 
quality during the study period. 
 

4.4.3.  Results and Discussion 

 The physical properties of soils were determined at the start of studies and after one 

year at termination of experiments. The experimental site was lying barren for more than 

25 years. The site was badly deteriorated regarding the pHs, ECe, SAR, BD, IR and HC. 

The infiltration rate was very low and variation appears mostly due to differences in soil 

SAR.  

4.4.3.1. Chemical characteristics of soil 

Soil reaction (pHs) 

 Amendments, waters and their combination significantly affected the pHs. At the 

start of studies, pHs at 0-15 and 15-30 cm soil depths ranged from 8.68 to 8.75 and 8.74 

to 8.95 in SSW plots, 8.73 to 8.90 and 8.79 to 8.98 in canal water (CW) plots and 8.76 to 

8.81 and 8.72 to 8.86 in SSW−CW plots (Figs. 67 and 68). At 0-15 cm soil depth, the pHs 

was significantly influenced by irrigation waters and amendments (Fig. 66). Application 

of gypsum resulted in significantly lower pHs after rice and wheat compared to respective 

initial values. Farm manure also significantly decreased the pHs, however mulch proved 

ineffective. Canal water alone significantly decreased the pHs compared to SSW. The 

SSW−CW treatment remained equally effective for decreasing pHs with CW. 
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 At 15-30 cm soil depth, the effect of treatments, water and their interactive effects 

remained significant on pHs (Fig. 67). Application of gypsum significantly lowered pHs 

compared to control. The pHs ranged from 8.63 to 9.41 for post-rice and 8.59 to 9.08 for 

post-wheat. After rice, the lowest pHs in SSW plots was recorded with FM application. 

This was statistically similar to CW irrigated plots. However, pHs in gypsum treated plots 

was at par with FM for all the three irrigation waters. However, mulch proved the best to 

result in significantly the lowest pHs in SSW−CW plots. 
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 Overall, one irrigation with SSW and one with CW along with application of 

gypsum and FM caused the lowest pHs at 0-15 cm soil depth. Mostly the pHs values are 

still around 8.4 which is the critical limit for sodic soil (U.S. Salinity Lab. Staff, 1954). 

Minor changes in pHs also could be partially due to moderate calcareousness of 

experimental soils (9% CaCO3) which could limit changes in pHs. The decrease in pHs 

with gypsum @ 100% SGR + SSW−CW seems due to supply of Ca2+ (increased Ca: Na 

ratio in soil solution) followed by leaching of sodium salts below 30 cm soil layer. 

Soil salinity (ECe) 

 Soil salinity exerts osmotic effects on plants (Maas and Hoffman 1977) and often 

restricts water absorption by plants. Therefore, ECe has vital importance for plant growth. 

At 0-15cm soil depth, there were significant main and interactive effects (P < 0.05) on 

ECe of post rice soil (Fig. 69). Maximum decrease over the control was recorded with 

gypsum application. The lowest ECe of 4.46 dS m-1 was recorded for FM application with 

SSW. This was statistically similar to gypsum application with SSW-CW. 

 At 0-15 cm soil depth, amendments, waters and their combination difference 

remained statistical on post wheat pHs (Fig. 68).  Similar to post rice plots, ECe of post 

wheat soil was significantly lower in SSW−CW plots than that with SSW or CW plots. 

The ECe of plots irrigated with SSW receiving gypsum and FM was significantly higher 

than that of the control. However, ECe with application of amendments receiving 

irrigation of CW or SSW−CW did not differ significantly. 

 At 15-30 cm soil depth, there were significant differences of ECe among irrigation 

water, amendments and their combination for the post-rice plots (Fig. 69). Application of 

gypsum and FM significantly decreased ECe compared to initial values. However, mulch 

was ineffective for deceasing ECe compared to control or the initial values. 
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 At 15-30 cm soil depth, there were significant effect of waters, amendments and 

interaction (W×A) in post-wheat ECe (Fig. 70). The ECe in post-wheat plots was 

significantly lower in plots receiving SSW−CW than that receiving SSW and CW 
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irrigation. There were non-significant differences among the three amendments. 

However, ECe in amended plots was lower than that with the control. The ECe in 

experimental plots ranged from 5.98 to 8.79 dS m-1, minimum being with FM receiving 

irrigation of SSW−CW. Submerged conditions during rice crop due to its ecological 

reasons enhanced leaching of soluble salts, which lowered the ECe more effectively in the 

upper soil layer than the lower depth. This declining trend in ECe favors rice as the first 

crop during reclamation of saline-sodic soils. Initially the higher ECe levels probably 

helped the leaching process during the rice crop of 2009. Relatively higher ECe after 

wheat compared to that after rice crop appears mainly because of time laps of about a 

month between the last irrigation and the time of soil sample collection during hot 

months of April and May whereby high evaporation caused upward salt movement 

(Tyagi, 2003; Murtaza et al., 2009). Ghafoor et al. (2010) reported similar trends in ECe 

changes, i.e. slight increase in ECe after wheat crops during reclamation of saline-sodic 

soils using different quality irrigation waters under farmer field conditions. Gypsum 

application resulted in a relatively smaller decrease in ECe compared to that with FM 

because of the low solubility of gypsum. The resulting better HC is an asset for the 

reclamation of saline-sodic soils (Ghafoor et al., 2004). 

Soil sodicity (SAR) 

 The experimental soil had SAR much higher than 13, a limit for saline-sodic/sodic 

soils prescribed by U.S. Salinity Lab. Staff (1954). There were significant effects of 

waters, amendments and their combination on SAR of the 0-15 cm soil layer after rice 

(Fig. 70). Application of gypsum and FM significantly decreased SAR compared to 

initial values after rice harvest. The SAR was significantly lower with SSW−CW 

irrigation compared to SSW, however, this SAR was statistically at par with CW 

irrigation. 
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There were significant effects of waters and amendments on SAR of 0-15 cm soil depth 

after wheat (Fig. 71). FM application significantly decreased SAR compared to control. 

The SAR of plots under CW was significantly lower compared to that of SSW, however, 

it was statistically at par with SSW−CW irrigation. Almost similar pattern in SAR 

changes was recorded at 15-30 cm soil depth after both the rice and wheat crops with 

waters, amendments and their interaction (Fig. 71). 
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At the start of studies, soil surface had SAR more than 100 (Fig. 71). After harvest of rice 

2009, the SAR decreased sharply by about 60-80% in surface layer and 40-60% in the 

lower depth. The higher the initial SAR, the greater and faster was the decrease in SAR 

due to statistical probability of Na-Ca exchange (Bresler et al., 1982; Ghafoor, 1999). 

The rate of decrease in SAR was more at 0-15 cm than that at 15-30 cm soil depth 

because as water/soil solution moved down into soils, water potential decreased and thus 

decreased its salt carrying capacity. Even the simple irrigation with SSW could decrease 

SAR of saline-sodic soils considerably through valence dilution (Eaton and Sokoloff, 

1935), dissolution of native lime which was also promoted by crop root activities 

(Robbins, 1986), Ca2+ supplied in irrigation water and in-situ mineral weathering 

(Rhoades et al., 1968). Cyclic irrigation with canal and brackish tube-well water along 

with the application of gypsum sustained high electrolyte concentration enriched with 

Ca2+ to favor infiltration rate which in turn made it achievable to have high leaching 

fraction in the experimental soil. After harvest of wheat 2009-2010, there was a greater 

decrease in SAR with the application of gypsum compared to other treatments at both the 

soil depths, which is natural as decrease in SAR or ESP needs external source of Ca2+ 

which was made available through gypsum. 

4.4.3.2 Leaching efficiency of salts 

 The results indicate that salt leaching efficiency of treatments was high at both the 

soil depths (Table 4.12). The soil under experiment has tile drains. Leaching efficiency 

was generally higher at the upper compared to the lower depth. Maximum leaching 

efficiency was with G treatment and minimum with M receiving SSW or SSW−CW for 

irrigation. While leaching efficiency was the lowest with control receiving CW at 0-15 

cm soil depth. It is obvious that G and FM application with alternate irrigation of SSW 

and CW proved better probably due to favorable effects on physical properties of soils 

(Murtaza et al., 2009). The salt leaching efficiency decreased over time, being highest 

after rice crop 2009 and decreased with time (Table 4.13). This pattern clearly shows that 

presence of salts (high EC) at beginning of studies helped to achieve high salt leaching 

efficiency through favorable and sustainable effects on water-conducting properties. 

Generally salt leaching efficiency was higher after rice compared to after wheat probably 
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owing to high drainable surplus during rice (Zia et al., 2006, 2007) as field was remained 

submerged. 

Table 4.12.  Leaching efficiency of salts (kg m-3 of added water) by treatments 
during reclamation of saline-sodic soil 

 

LSD Depth 0-15 cm: Water (W) = 9.808×10-18*, T = 0.02*, W×T = 0.05*; Depth 15-30 
cm: W = 1.934×10-17*, T = 0.04*, W×T = 0.05*. * Values in columns for same soil depth 
across water sources differed significantly at P <0.05; SSW = Saline-sodic water; 
CW= Canal water. 
 
 
Table 4.13.  Leaching efficiency of salts (kg m-3) of added water during 

reclamation of saline-sodic soil for rice and wheat crops 
 

SSW, saline-sodic water; CW, canal water; G, gypsum; FM, farm manure; M, mulch. 

 

4.4.3.3 Infiltration rate 

 The term infiltration rate has special significance in soils, although it is difficult to 

specify a boundary limit between satisfactory and unsatisfactory infiltration rates. 

However, the critical value of infiltration rate is 0.25 cm h-1 (U.S. Salinity Lab. Staff, 

1954). The infiltration rate as low as 0.3 cm h-1 is considered low while greater than 1.2 

cm h-1 is relatively high (Ayers and Westcot, 1985). The infiltration rate before the start 

of experiment ranged from 0.23 to 0.36 cm h-1 in various plots (Table 4.14). After harvest 

of wheat in May 2010, treatments differed significantly, infiltration rate being the highest 

with G and increase in soil infiltration was more with SSW−CW compared to that with 

SSW and CW. However, addition of amendments exerted amelioration effect on 

infiltration rate of soils. The role of gypsum in increasing infiltration rate appeared 

Water source SSW CW SSW−CW 
Treatment 

0-15 cm 15-30  cm 
0-15  
cm 

15-30  cm 0-15 cm   15-30  cm 

T0 (C) 0.59b-d 0.49bc 0.43g 0.38ef 0.58c-e 0.30gh 
T1 (G) 0.67ab 0.47cd 0.67ab 0.55ab 0.74a 0.62a 
T2 ( FM) 0.52d-f 0.35fg 0.62bc 0.40d-f 0.70a 0.45c-e 
T3 (M) 0.47fg 0.26h 0.51e-g 0.38ef 0.52d-f 0.47cd 
Mean 0.56A 0.39C 0.55C 0.43B 0.63A 0.46A 

Crop 
SSW CW SSW−CW 
0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm 

Rice-2009  0.69 0.51 0.70 0.56 0.79 0.54 
Wheat -2009- 0.59 0.39 0.57 0.42 0.65 0.50 
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mainly through maintaining a favorable electrolyte concentration in soil solution 

(Shainberg and Letey, 1984) in addition to maintaining an appropriate Ca: Na ratio in soil 

solution along with affecting desorption of adsorbed Na+ (Muhammed et al., 1969) on the 

clays which is considered the major agent to induce soil dispersion. 

Table 4.14.  Effect of water source and amendments on infiltration rate after 
harvesting wheat 

 
Water SSW CW SSW−CW Mean

Treatment 
 

Initial 
 

Post 
wheat

Initial Post 
wheat

Initial Post 
wheat 

Post 
wheat

T0 (C) 0.32 0.26d 0.36 0.28d 0.34 0.31d 0.28C
T1 (G) 0.29 0.64a 0.28 0.67a 0.29 0.66a 0.66A
T2 (FM) 0.28 0.60a 0.30 0.62a 0.32 0.63a 0.62A
T3 (M) 0.24 0.46b 0.29 0.34cd 0.23 0.45bc 0.42B
Mean 0.28NS 0.49AB 0.30NS 0.48B 0.29NS 0.52A 

LSD Wheat: Water (W) = 0.06, T = 0.04*, W×T = 0.08*. 
*Treatment differed significantly at P <0.05; Values in a column sharing same letter(s) 
are statistically similar at P <0.05; NS, Non significant difference among treatments at P 
<0.05. 
SSW = Saline-sodic water; CW= Canal water. 
 

4.4.3.4 Bulk density 

 The bulk density is defined as the mass of dry soil per unit bulk volume of soil. 

There was a significant effect of amendments on bulk density of soil both at 10-15 and 

20-25 cm soil depths (Tables 4.15 and 4.16). The bulk density of soil at both the soil 

depths was significantly lower with all the amendments compared to that of the control 

plots. Maximum decrease of 9% at 10-15 cm soil depth and 5% at 20-25 cm soil depths 

was recorded with the application of gypsum (T1). Application of FM was equally 

effective at both the depths. Mulch was least effective; nevertheless, the bulk density was 

significantly lower than that of the control plots. However, small change in bulk density 

compared to initial value seems solely because of short duration of only one year but 

improvement in bulk density and other physical properties required longer times. 

 In general there was an increase in bulk density at 20-25 cm soil depth. The 

increase in bulk density could be attributed to the continuous use of high SAR and RSC 

irrigation waters from tube well and decreased ECe to SAR ratio in soil solution since 

decrease in ECe was faster than SAR (Ayers and Westcot, 1985). A gradual increase in 
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bulk density with soil depth appears due to leaching of Na+ form upper to lower soil 

layers causing dispersion of soils (Minhas and Gupta, 1993; Qadir et al., 2002).  

Table 4.15.  Effect of water source and amendments on bulk density of 10-15 cm 
soil depth after the harvest of wheat 

 
Water source SSW CW SSW−CW Mean
Treatment Initial 

 
Post 
wheat 

Initial 
 

Post 
wheat  

Initial 
 

Post 
wheat  

Post 
wheat  

T0 1.74 1.74a 1.69 1.60cd 1.66 1.62c 1.65A 
T1 (G) 1.70 1.64c 1.68 1.52ef 1.70 1.51f 1.56C
T2 (FM) 1.72 1.66bc 1.68 1.53ef 1.68 1.53ef 1.57C
T3 (M) 1.73 1.69b 1.70 1.54ef 1.69 1.56de 1.60B
Mean 1.72NS 1.68A 1.68NS 1.56B 1.68NS 1.55B  

LSD: Wheat: Water (W) = 0.38*, T = 0.018*, W×T = 0.02*. 
*Treatments differed significantly at P <0.05; Values in a column sharing same letter(s) 
are statistically similar at P <0.05; NS, Non significant difference among treatments at P 
<0.05. 
SSW = Saline-sodic water; CW= Canal water. 
 

Table 4.16.  Effect of water source and amendments on bulk density of 20-25 cm 
soil depth after the harvest of wheat 

 
Water SSW CW SSW−CW Mean

Treatment Initial 
 

Post 
wheat  

Initial 
 

Post 
wheat  

Initial 
 

Post 
wheat  

Post 
wheat  

T0 1.69 1.70 1.69 1.71 1.69 1.69 1.70A
T1 (G) 1.68 1.60 1.68 1.62 1.68 1.60 1.61C
T2 (FM) 1.66 1.62 1.70 1.64 1.70 1.62 1.63C
T3 (M) 1.70 1.67 1.768 1.66 1.69 1.65 1.66B
Mean 1.68NS 1.65NS 1.70NS 1.65 1.69NS 1.64NS 

 LSD Wheat: Water (W) = 0.038*, T = 0.02*, W×T = 0.02*. 
*Treatments differed significantly at P <0.05; NS, Treatments differed non-significantly 
at P <0.05. Values in a column sharing same letter(s) are statistically similar at P <0.05; 
NS, Non- significant difference among treatments at P <0.05; SSW=Saline-sodic water; 
CW= Canal water. 
 
4.4.3.5. Hydraulic conductivity 

 The soil hydraulic conductivity depends on the composition and concentration of 

the electrolyte in the soil solution (Quirk and Schofield, 1955) as well as on soil texture 

(Shainberg et al., 2001). There were significant effects of waters and amendments on 

hydraulic conductivity measured at both 0-15 and 15-30 cm depths after wheat (Tables 

4.17 and 4.18). The hydraulic conductivity increased considerably over the initial values 
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with significant variation among treatments at both soil depths. The highest hydraulic 

conductivity was recorded at both the soil depths with G treatment receiving SSW−CW 

followed by FM, M and lowest with C. The treatment order remained the same for plots 

receiving CW and SSW, i.e. highest with G followed by FM, M and C. 

 
Table 4.17.  Effect of water source and amendments on hydraulic conductivity of 

0-15 cm soil depth after the harvest of wheat 
 

Water SSW CW SSW−CW Mean
Treatment Initial 

 
Post 

wheat
Initial Post wheat Initial Post 

wheat 
Post 

wheat
T0 0.051b 0.034e 0.029g 0.037de 0.037ef 0.038de 0.036C
T1 (G) 0.059a 0.070ac 0.034f 0.084a 0.039ef 0.069a- 0.074A
T2 (FM) 0.050c 0.060a-d 0.029g 0.070a-c 0.044d 0.079ab 0.070A
T3 (M) 0.042de 0.043c-e 0.025h 0.057b-e 0.039ef 0.055b- 0.052B
Mean 0.050A 0.052NS 0.029C 0.062NS 0.039B 0.060NS 

LSD: Water (W) = 0.012, T = 0.014*, W×T = 0.02*. 
 
Table 4.18.  Effect of water source and amendments on hydraulic conductivity of 

15-30 cm soil depth after the harvest of wheat 
 
Water source SSW CW SSW−CW Mean

Treatment Initial 
 

Post 
wheat 

Initial 
 

Post 
wheat 

Initial 
 

Post wheat Post 
wheat 

T0 0.048c 0.036g 0.035 0.037f 0.044d 0.043fg 0.038D
T1 (G) 0.054a 0.073d 0.047 0.102a 0.051b 0.095a 0.090A
T2 (FM) 0.052a 0.059e 0.036 0.085b 0.047c 0.082bc 0.075B
T3 (M) 0.047c 0.044f 0.036 0.074c 0.044d 0.068d 0.062C
Mean 0.29NS 0.053B 0.30N 0.074 0.30NS 0.072A 

LSD: Water (W) = 0.018*, T = 0.0036*, W×T = 0.012*. 
*Treatments differed significantly at P <0.05 and values sharing same letter(s) in a 
column are statistically similar; NS, Non significant difference among treatments at P 
<0.05. 
SSW = Saline-sodic water; CW= Canal water. 
 
4.4.3.6  Growth response of crops to applied treatments 

Rice growth 

 There were significant differences among amendments, water and their 

combination, regarding yield and yield contributing parameters of rice (Table 4.19). 

Application of gypsum and irrigation with SSW-CW significantly increased plant height, 

paddy and straw yields compared to control plots irrigated with SSW. 
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It has been reported that 50% reduction in paddy yield is affected at SAR 60 and crop 

fails at SAR 80 (Bresler et al., 1982; Gupta and Abrol, 1990), while ECe is 6-7 dS m-1 

(Maas and Grattan, 1999). However, rice is relatively better tolerant to SAR, rather SAR 

up to 30 is considered an asset to maintain the fields submerged (Ghafoor et al., 1997, 

2002) which is ecological requirement for good rice production in this region (Ghafoor et 

al., 2004). The growth response of rice crop may be attributed to its genetic makeup. 

Cyclic irrigation with SSW and CW along with application of gypsum or FM resulted in 

better paddy yield which may be attributed to their favorable effects on soil physical and 

chemical properties.  

 The higher paddy and straw yields with CW confirms earlier findings (Ghafoor et 

al., 1997, 2008) that good internal soil drainage might not be useful for rice provided soil 

and water EC and SAR remain within threshold limits for this crop, i.e. soil ECe ≈ 6 dS 

m-1 and SAR ≈ 30-35 (Ayers and Westcot, 1985; Frenkel and Meiri, 1985). 

Table 4.19.  Effect of water source and amendments on rice growth  

Water 
source/Treatment 

SSW CW SSW−CW Mean 

Plant height (cm)
T0 (C) 56h 59gh 66ef 60.77C 
T1 (G) 74bc 78ab 81a 77.67A 
T2 (FM) 67d-f 70cd 78a 72.13B 
T3 (M) 58h 63fg 68de 63.34C 
Mean 63.83C 67.83B 73.77A  

Paddy yield (kg ha-1) 
T0 (C) 39i 397d 221ef 219C 
T1 (G) 120h 704b 750a 525A 
T2 (FM) 177g 566c 794fg 512B 
T3 (M) 45i 412d 229e 229C 
Mean 96C 520A 498B  

Straw  yield (kg ha-1) 
T0 (C) 208i 651fg 612g 490C 
T1 (G) 472h 1154c 2009a 1212A 
T2 (FM) 952d 928d 1761b 1214A 
T3 (M) 245i 675f 850e 590B 
Mean 469C 852B 1308A  

LSD: Plant height: Water (W) = 0.88*, T = 15.8*, W×T = 27.63*; Paddy yield: W = 
10.96*, T = 15.8*, W×T=3.8*; Straw yield: W = 22.04*, T = 26.78*, W×T = 26.38*. 
*Treatments differed significantly at P <0.05 and values sharing same letter(s) in a column 
are statistically similar at P < 0.05; SSW = Saline-sodic water; CW= Canal water. 
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Wheat growth 

 There were significant differences among waters, amendments and their 

combination on yield and yield contributing parameters of wheat (Table 4.20). Straw 

yield was the highest (5541 kg ha-1) from FM amended plots receiving CW and was the 

lowest in control plots receiving SSW. Farm manure application and SSW-CW irrigation 

significantly increased plant height, grain and straw yields compared to control plots 

irrigated with SSW. Canal water irrigation produced significantly higher straw, however, 

grain yield was maximum with SSW-CW irrigation. 

Table 4.20.  Effect of water source and amendments on wheat growth  

 

Water 
source/Treatment 

SSW CW SSW−CW Mean 

Plant height (cm)
T0  (C) 56 65 68 62C
T1 (G) 65 67 70 68B 
T2 (FM) 68 72 73 71A
T3 (M) 62 66 70 66B
Mean 63NS 68NS 70NS  

Straw yield (kg ha-1)
T0  (C) 1963g 3816e 3171g 2983D
T1 (G) 3839e 4882b 3772e 4164B 
T2 (FM) 3922 5541a 4219c 4561A
T3 (M) 1872i 3295d 3279f 3025C
Mean 2899C 4541A 3610B  

Grain  yield (kg ha-1)
T0  (C) 1205k 2008i 2334g 1816B
T1 (G) 1973i 2569e 2656d 2399B 
T2 (FM) 2808c 2916b 2971a 2899A
T3 (M) 1255j 2066h 2309f 1877C
mean 1810C 2390B 2542A  
LSD: Plant height: Water (W) = 6.88, T = 0.13, W×T = 2.26; Grain yield: W = 6.04*, T = 
16.58*, W×T = 28.74*; Straw yield: W = 50.56*, T = 30.12*, W×T = 53.74*. Values in a 
column or row sharing same letter(s) are statistically similar at P <0.05; NS, Non 
significant difference among treatments at P <0.05; SSW = Saline-sodic water; CW= 
Canal water. 
 
 Overall, application of FM to plots receiving SSW-CW produced the highest straw 

and grain yields, indicating that waters of marginal quality could be exploited for 

irrigation of crops during reclamation of saline-sodic soils. Although, rice proved a better 
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crop for soil reclamation, wheat produced better grain yield than rice. It is concluded that 

gypsum and FM amendment are essential for growing crops during soil reclamation, even 

if poor quality water is used for irrigation. Although achieving a near steady-state, soil 

and crops will need irrigation with good quality water to sustain the effect of reclamation 

treatments for longer times otherwise resalination and resodication will start. It has been 

reported that wheat grain yield is decreased by 50% at SAR 30 (Ayers and Westcot, 

1985) and ECe ≈13 dS m-1. In the present study straw and grain yields of wheat remained 

below the varietal production potential due to high ECe and SAR of soils even after the 

harvest of one rice crop from saline-sodic soils.  

4.4.4.  Economic evaluation of treatments 

 Agriculture on stressed land is generally discouraged because of the initial high cost 

of soil treatments for amelioration. In this study, economics was computed using market 

prices of common and variable inputs and prices of out puts (rice paddy and wheat 

grains). Economics of treatments has been calculated on the basis of two cops (Rice 2009 

and Wheat 2009-10). The objective of the economic analysis is to compare costs with 

benefits and to decide which treatment would yield greater returns to the investment.  

 Highest net benefit (Rs. ha-1) from rice-wheat crops was obtained from FM (39799) 

receiving SSW−CW followed by G (30199), C (21373) and M (13511) (Table 4.21). For 

canal water, the maximum net benefit (Rs. ha-1) was with G (36944) followed by FM 

(35241), M (16264) and C (13592). For SSW, net benefit remained in negative with M (-

23294), C (-22038) and G (-8798) while was positive with FM (12228).  

 Total expenditure with various irrigations was the maximum for gypsum 

application. More income was received from wheat compared to rice as paddy yield was 

low due to very high ECe and SAR at the time of transplanting rice. The significance of 

FM and gypsum to promote crop growth appears through soil amelioration. The benefits 

of which will become further favorable with time since it is expected that reclamation 

effect will continue during couple of the next years, during which crop yields will not 

only be sustained rather could be improved. The indirect benefits of soil amelioration 

include appreciation in land value, farm employment and thus alleviation in rural poverty. 

The comparison of data reveal that gypsum based technology, i.e. soil or water 

amelioration treatments/technology proved the best on the basis of net income. 
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 Table 4.21. Economics (Rs ha-1) of amendments and water source for reclaiming saline-sodic soils and growing rice-wheat crops 
 

Sowing including ploughing, planking and other cultural operations was Rs. 9,000 ha-1 for rice and Rs. 8000 ha-1for wheat crop. 
Fertilizer: Rs. 850/50 kg urea, Rs. 950/50 kg single super phosphate, Rs.1310/50 kg sulphate of potash, Gypsum Rs.70/50 kg. 
Farm manure: application + transportation charges Rs. 500/trolley. 
Paddy grain: Rs.900/40 kg, rice straw: Rs.900/500 kg. 
Wheat grain: Rs.950/40 kg, wheat straw: Rs.150/40 kg.  

 

 

 

 

 

 

 

 

 

Treatment 

Total income (individual crop) Total income Total expenses Net benefit 

SSW CW SSW−CW SSW CW SSW−CW SSW CW SSW−CW SSW CW SSW−CW 

Rice Wheat Rice Wheat Rice Wheat R+W R+W R+W R+W R+W R+W R+W R+W R+W 

T0  (C) 1430 3837 12724 66770 7395 74288 39864 79493 8168 61920 65902 60310 -22038 13592 21373 

T1 (G) 4190 66054 22563 85424 13661 81940 70244 107986 105601 79042 71042 75402 -8798 36944 30199 

T2 (FM) 6500 86300 18140 97673 2661 90350 92800 115812 116371 80572 80572 76572 12228 35241 39799 

T3 (M) 1656 39166 13204 65643 7933 65463 40823 78746 73395 64116 32482 59884 -23294 16264 12511 
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4.4.5.  Summary and Conclusions 

 The soil reclamation with respect to pHs, ECe and SAR remained considerably 

better with the application of gypsum and FM with all the irrigation waters. It is 

concluded that one irrigation with SSW and one with CW could better for initial 

reclamation of SiCL soil by following rice-wheat cropping rotation. The salt leaching 

efficiency decreased over time, being highest after rice crop that decreased with time. 

Gypsum and FM application significantly increased crop yields even with SSW 

irrigation. Net benefit (Rs. ha-1) from rice-wheat rotation was the highest with FM 

receiving SSW−CW followed by gypsum. Hence gypsum and FM amendments are 

essential for growing crops during soil reclamation, even if poor quality water is used for 

irrigation. This study also shows that the reclamation responses are site-specific. These 

must be kept in view for large scale amelioration of salt-affected soils. However, farmers 

must be extensively and aggressively involved in such program. Since salinity/sodicity 

has to persist in irrigated agriculture, under arid land conditions, a strong follow up 

program in such mega development projects (like National Drainage Program, Biosaline 

Project of Punjab and National Biosaline Agriculture Program of Federal Government, 

Pakistan) must be ensured to harvest maximum and sustainable benefits from such 

activity. 
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CHAPTER 5 
 

SUMMARY AND CONCLUSIONS 

4.1.  Study I:  Differential response of soil texture for leaching of salts. 

  A lysimeter experiment was conducted in the wire house of Institute of Soil and 

Environmental Sciences, University of Agriculture, Faisalabad. For this bulk samples of 

saline-sodic soils having different texture (loamy sand, silty clay loam and sandy clay 

loam) was collected from farmer field. Different pore volume of water was applied on 

different textured soil to evaluate the leaching response of that respective soil. For this 

purpose 4 pore volume was applied. With the application of four PV water, the highest 

amount of salts was removed from SCL soil (1943 kg ha-1) with LF 0.59. The decreasing 

order of treatment effectiveness for salt removal was T3 > T2 > T4 > T1 with LF 0.69, 

0.64, 0.61 and 0.60, respectively. The salt removal was the highest with first two 

irrigations and then decreased subsequently. And consequently the salt removal was high 

in initial leachates which decreased progressively with time for all soils and treatments. 

The ECe of 0-25 cm columns (post-experiment) decreased from 8.2 to < 4 dS m-1 in LS 

with 2.0 PV (1.88 cm), from 33.9 to < 4 dS m-1 in SCL with 2.5 PV (2.67 cm) of applied 

water and in SiCL with 2.5 PV (2.72 cm) of water it decreased from 23.9 to < 4 dS m-1 

only of 0-10 cm of soil layer. Regarding SAR, 2.5 PV of applied water decreased SAR to 

< 13 in LS up to 0-20 cm depth, 0-10 cm soil depth of SiCL and 0-15 cm soil depth of 

SCL. It was found that leaching of soluble slats does occur with simple addition of water 

of any quality in different textured saline-sodic soils but could convert these into sodic 

soils if external source of Ca2+ is not added. The relationship between PV of applied 

water and amount of salts leached from soil columns indicated a positive effect on 

amount of salt leached. The equations established were as EC/EC0 = 0.329 (Dw/Ds)
-2.12 

with r = 0.90 for LS; EC/EC0 = 0.167 (Dw/Ds)
-0.60 with r = 0.93 for SiCL and EC/EC0 = 

0.06 (Dw/Ds)
0.78, r = 0.98 for SCL soils. These relationships suggest that decrease in EC 

of LS, SiCL and SCL soils was 67, 83 and 94 percent cent when leached with 1.88, 2.72 

and 2.67 cm of water, respectively. These equations could be modified in accordance 

with specific soil texture for determining leaching requirement of soils to grow a given 

crop(s) provided its salt tolerance limit and effective rooting depth are predecided, i.e. 

Consideration of site-specific situations. 
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4.2.   Study II:      Differential response of soil texture for leaching salts with 
amendments under brackish water of different EC:SAR ratios. 

 This experiment was conducted in lysimeters using calcareous saline-sodic soil 

in the wire house, Institute of Soil and Environmental Sciences, University of 

Agriculture, Faisalabad. The soil and columns were prepared. Different amendments 

were applied as FM @ 10 t ha-1, gypsum @ 10 t ha-1 and mulch @ 10 t ha-1 on different 

textured soils. Water of different EC : SAR ratios (EC 0.6 + SAR 6, EC 1.0 + SAR12, EC 

2.0 + SAR 18 and EC 4.0 + SAR 30) was applied on different textured soils.  

 Four PV of applied water  with of LF 0.75, 0.77 and 0.78 removed 3008, 4965 and 

5048 kg ha-1 salts in LS, SiCL and SCL soils, respectively. For the 1st, 2nd, 3rd and 4th 

irrigations with LF of  0.82, 0.79, 0.75 and 0.71 removed 5682, 5000, 3967 and 2941 kg 

ha-1 salts, respectively. For amendments, the decreasing order for salt removal was FM > 

G > M > C with LF 0.85, 0.84, 0.71 and 0.68. The use of amendments in all the three 

soils decreased the pHs, ECe and SAR of soils that depended upon different EC : SAR 

ratio of irrigation waters. Overall, decreasing order of effectiveness of amendments for 

soil amelioration was FM > G > M > C.  It is recorded that use of water having different 

EC: SAR ratios without amendment increased pHs, ECe and SAR in SiCL and SCL soils 

but not in LS soils that highlights considerable role of soil texture which must be 

recognized with initiating any mega program of reclaiming saline-sodic soils in the 

prospective of national development strategies.  

4.3.       Study III:  Effectiveness of crops for reclamation of saline-sodic soil 
using amendments and water having different EC to SAR 
ratios 

This pot experiment was conducted in sandy clay loam in the wire house, Institute 

of Soil and Environmental Sciences. Different amendments were applied as FM @ 10 t 

ha-1, gypsum @ 10 t ha-1 and mulch @ 10 t ha-1 on different textured soils. Water of 

different EC : SAR ratios (EC 0.6 + SAR 6, EC 1.0 + SAR12 and EC 2.0 + SAR 18)  was 

applied. From results, it may be inferred that 1 PV of brackish water with higher EC: 

SAR (EC 2 and SAR 18) could be used beneficially, if proper amendments are selected. 

For rice crop, the order of effective amendments was in the decreasing order of G > FM > 

M > C. With sorghum, the order was FM > G > M > C. For wheat, the order was FM > G 

> M > C, and for oat it was G > FM > M > C. Leaching effectiveness decreased with 
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increasing irrigation water salinity without accumulation of salts in soils. It depicts that 

for initial reclamation of salt-affected soils, low quality irrigation waters could be useful 

and sometimes even better with amendments than canal water alone owing to favorable 

effect of electrolytes in former water on soil infiltration and hydraulic conductance. In the 

present studies, salt removal from soils was the lowest when LF was 0.20 and was the 

highest when LF was 0.32, i.e. direct positive relationship. However, these values are 

most likely to differ for soils with different properties and quality of irrigation waters 

which suggest more farm-level studies. Salt accumulation in soils varied with respect to 

depending on the soil depth and leaching fractions. It is suggested that quality of water 

and the amount of salt accumulated in soil should be measured after short intervals to 

avoid and manage problems arising irrigation with low quality waters. However, current 

findings of pot studies must be validated under field conditions. 

 
4.4.   Study IV:  Amelioration of saline-sodic soil with amendments using 
    brackish water, canal water and their combination. 
 
 The experiment was conducted on a dense silty clay loam saline-sodic field, poorly 

drained and developed in calcareous mixed alluvium. Three water treatments, namely 

canal water, brackish water and canal + brackish water (1:1) were applied under rice-

wheat crop rotation. The amendments applied in sub-plots were control, gypsum at 100% 

SGR, FM at10 t ha-1 and mulch at10 t ha-1.  The results indicate that amendments like 

gypsum, FM and mulching could favor the desodication of saline-sodic soils. The soil 

reclamation with respect to pHs, ECe and SAR remained considerably better with the 

application of gypsum and FM with all the irrigation waters. It is concluded that one 

irrigation with SSW and one with CW could better for initial reclamation of SiCL soil by 

following rice-wheat crop rotation. The salt leaching efficiency decreased over time, 

being highest after rice crop that decreased with time. Gypsum and FM application 

significantly increased crop yields even with SSW irrigation. Net benefit from rice-wheat 

rotation was the highest with FM receiving SSW−CW followed by gypsum. Hence 

gypsum and FM amendments are essential for growing crops during soil reclamation, 

even if poor quality water is used for irrigation. This study also shows that the 

reclamation responses are site-specific. These must be kept in view for large scale 
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amelioration of salt-affected soils. However, farmers must be extensively and 

aggressively involved in such program. Since salinity/sodicity has to persist in irrigated 

agriculture, under arid land conditions, a strong follow up program in such mega 

development projects (like National Drainage Program, Biosaline Project of Punjab and 

National Biosaline Agriculture Program of Federal Government, Pakistan) must be 

ensured to harvest maximum and sustainable benefits from such activity. 
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Appendix 1.  Volume (mL) of leachate obtained from different soils. 

Soil Type 
 

Leachate # 
 

Treatment Mean
 T1 (1.0 PV) T2 (1.5 PV) T3 (2.0 PV) T4 (2.5 PV)

 
 
LS (S1) 

1 820 1251 1499 1838 1352
2 780 1176 1413 1733 1278
3 681 1114 1313 1632 1185
4 607 1086 1232 1550 1119
Mean 724 1157 1364 1688

 
 
SiCL (S2) 

1 670 1151 1398 1710 1232
2 563 1090 1373 1684 1178
3 487 986 1230 1376 1020
4 414 893 992 1048 837
Mean 534 1030 1249 1455

 
 
SCL (S3) 

1 765 1200 1452 1736 1288
2 611 1036 1401 1512 1140
3 592 933 1313 1434 1086
4 501 803 1233 1322 965
Mean 617 933 1349 1501  

Mean 
Soil (S) LS (S1) 1233a SiCL (S2) 1067c SCL (S3) 1115b
Treatment (T) T1 652d T2  1060c T3  1321b T4 1548a
Leachate (L) L1 1291a L2 1199b L3 1091c L4  973d

Interactions 

S×L S1L1 
1352a 

S1L2 
1278bc 

S1L3 
1185d 

S1L4

1119e
S2L1

1232c
S2L2

1178d
S2L3 
1020g 

S2L4

836i
S3L1

1288b
S3L2

1140de
S3L3

1068f
S3L4 
965h 

S×T S1T1 
724g 

S1T2 
1157e 

S1T3 
1364c 

S1T4

1688a
S2T1

534i
S2T2

1030f
S2T3 
1249d 

S2T4

1455b
S3T1

617h
S3T2

933f
S3T3

1349c
S3T4 
1501b 

T×L T1L1 

752J 
T1L2 

655k 
T1L3 

587l 
T1L4 

507m 
T2L1 

1200f
T2L2 

1101g
T2L3 

1011h
T2L4 

927I
T3L1 

1449cd 
T3L2 

1396d
T3L3 

1286e
T3L4 

1152fg
T4L1 

1761a
T4L2 

1643b
T4L3 

1481c
T4L4 

1306e 
Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy clay loam.   
LSD = 23.13*, Treatment = 26.71*, Leachate = 26.17*, S × T = 46.26*, S × L = 46.26*, T × L = 53.42*, S × T × L = 47.49*, S × T × L = 92.53*. 
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Appendix 2.  Effect of treatments on leaching fraction of soils. 

Soil Type 
 

Leachate # 
 

Treatment Mean 
 T1 (1.0 PV) T2 (1.5 PV) T3 (2.0 PV) T4 (2.5 PV)

 
 
LS (S1) 

1 0.87 0.88 0.79 0.78 0.83
2  0.84 0.83 0.74 0.73 0.78
3 0.72 0.79 0.69 0.69 0.72
4 0.64 0.77 0.65 0.66 068
Mean 0.77 0.82 0.72 0.74

 
 
SiCL (S2) 

1 0.61 0.70 0.64 0.62 0.64
2 0.51 0.66 0.62 0.61 0.60
3 0.44 0.60 0.56 0.50 0.53
4 0.37 0.54 0.45 0.38 0.44
Mean 0.48 0.62 0.57 0.53

 
 
SCL (S3) 

1  0.71 0.75 0.67 0.65 0.69
2 0.57 0.64 0.65 0.57 0.61
3 0.55 0.58 0.61 0.54 0.57
4 0.47 0.50 0.57 0.49 0.51
Mean 0.58 0.62 0.63 0.56  

Mean 
Soil (S) LS (S1) 0.75a SiCL (S2) 0.55c SCL (S3) 0.59b
Treatment (T) T1 0.61c T2  0.69a T3  0.64b T4 0.60c
Leachate (L) L1 0.72a L2 0.67b L3 0.60c L4  0.54d

Interactions 

S×L S1L1 
0.83a 

S1L2 
0.78b 

S1L3 
0.72c 

S1L4

0.68d
S2L1

0.64e
S2L2

0.60f
S2L3

0.53h
S2L4

0.44i
S3L1

0.69cd
S3L2

0.61f
S3L3

0.57g
S3L4 
0.51h 

S×T S1T1 
0.77b 

S1T2 
0.82a 

S1T3 
0.72c 

S1T4

0.72c
S2T1

0.48g
S2T2

0.62d
S2T3

0.57e
S2T4

0.53f
S3T1

0.58e
S3T2

0.62d
S3T3

0.63d
S3T4 
0.56e 

T×L T1L1 

0.73b 
T1L2 

0.64fg 
T1L3 

0.57ij 
T1L4 

0.49k 
T2L1 

0.78a
T2L2 

0.71bc
T2L3 

0.66ef
T2L4 

0.60hi
T3L1 

0.70b-d
T3L2 

0.67de
T3L3 

0.62gh
T3L4 

0.56j
T4L1 

0.68c-e
T4L2 

0.64fg
T4L3 

0.578ij
T4L4 

0.51k 
Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy clay loam.   

LSD: Soil = 0.01*, Treatment = 0.02*, Leachate = 0.02*, S × T = 0.03*, S × L = 0.03*, T × L = 27.42*, S × T × L = 0.06*.  
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Appendix 3.  Effect of soil texture, pore volume and their combination on salt removal in leachate (mg leachate-1). 

Soil  type 
 

Leachate # Treatment Mean
T1 (1.0 PV) T2 (1.5 PV) T3 (2.0 PV) T4 (2.5 PV)

 
 
LS (S1) 

1 2608 2824 3274 3942 3162
2 2255 2399 2843 3511 2751
3 1773 2301 2122 2429 2157
4 1155 1687 1580 1816 1560
Mean 1948 2303 2455 2924

 
 
SiCL (S2) 

1 2888 4346 4498 3276 3752
2 2228 3304 3287 3057 2969
3 1966 2397 1857 1709 1982
4 868 2250 1466 1009 1398
Mean 1988 3074 2777 2263

 
 
SCL (S3) 

1 4204 5562 7434 5900 5775
2 2404 3379 5602 3646 3758
3 1156 2188 3469 2461 2318
4 793 1427 2740 1801 1690
Mean 2139 3139 4811 3452

 
 
Mean 

Soil  (S) LS (S1) 2407b SiCL (S2) 2526b SCL (S3) 3385a
Treatment (T) T1  2025c T2  2839b T3  3348a T4  2880b
Leachate (L) L1 4229a L2 3160b L3 2152c L4 1549d

Interactions 
 

S×L 
S1L1 

3162c 
S1L2 

3752b 
S1L3 

5775a
S1L4

2751d
S2L1

2669cd
S2L2

3758b
S2L3 
2157ef 

S2L4

1982f
S3L1

2318e
S3L2

1560gh
S3L3

1398h
S3L4 

1690g 
 

S×T 
S1T1 
1948h 

S1T2 
2303ef 

S1T3 
2455e

S1T4

2924cd
S2T1

1988gh
S2T2

3074c
S2T3 
2777d 

S2T4 

2263e-
S3T1 

2139f-h
S3T2 

3139c
S3T3 

4811a
S3T4 

3452b 
 

T×L 
T1L1 

3234de 
T1L2 
2295f 

T1L3 
1632hi 

T1L4

939j
T2L1

4244b
T2L2

3027e
T2L3

2296f
T2T4

1788hi
T3L1 

5069a 
T3L2

3911c
T3L3

2483f
T3L4

1929gh
T4L1

4373b
T4L2

3405d
T4L3

2199fg
T4L4 

1542i 
Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy clay loam.  
 LSD: Soils = 141.04*, Treatment = 162.86*, Leachate = 162.86*, S × T = 282.06*, S × L = 282.06*, T × L = 325.7*, S × T × L = 536.28*. 
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Appendix 4.  Effect of soil texture, pore volume and their combination on salt removal in leachate (kg ha-1). 

Soil  type 
 

Leachate # Treatment Mean
T1 (1.0 PV) T2 (1.5 PV) T3 (2.0 PV) T4 (2.5 PV)

 
 
LS (S1) 

1 1490 1614 1871 2253 1807
2 1289 1371 1625 2006 2144
3 1013 1315 1213 1388 3300
4 660 964 903 1038 1572
Mean 1113 1316 1403 1671

 
 
SiCL (S2) 

1 1650 2483 2570 1871 1525
2 1273 1888 1878 1747 2147
3 1123 1370 1061 977 1233
4 496 1286 838 577 1133
Mean 1136 1757 1587 1293

 
 
SCL (S3) 

1 2402 3178 4248 3371 1325
2 1374 1931 3201 2083 891
3 661 1250 1982 1406 799
4 453 815 1566 1029 966
Mean 1222 1794 2749 1973

 
Mean 

Soil (S) LS (S1) 1375b SiCL (S2) 1443b SCL (S3) 1943a
Treatment (T) T1 1157c T2 1622b T3  1913a T4  1605b
Leachate (L) L1  2417a L2 1806b L3 1230c L4 885d

Interactions 
 
S×L 

S1L1 

1807c 
S1L2 

2144b 
S1L3 

3400a
S1L4

1572d
S2L1

1525cd
S2L2

2147b
S2L3 
1233ef 

S2L4

1133f
S3L1

1325e
S3L2

891gh
S3L3

799h
S3L4 

966g
 
S×T 

S1T1 
1113h 

S1T2 
1316ef 

S1T3 
1403e

S1T4

1671cd
S2T1

1136gh
S2T2

1757c
S2T3 
1587d 

S2T4 

1293e
S3T1 

1222f
S3T2 

1794c
S3T3 

2749a
S3T4 

1973b 
 
T×L 

T1L1 
1848de 

T1L2 
1311f 

T1L3 
933hi 

T1L4

537j
T2L1

2425b
T2L2

1730e
T2L3

1312f
T2T4

1022hi
T3L1 
2897a 

T3L2

2235c
T3L3

1419f
T3L4

1102gh
T4L1

2499b
T4L2

1946d
T4L3

1257fg
T4L4 

881i 
Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy clay loam. 
LSD = 141.04*, Treatment = 162.86*, Leachate = 162.86*, S × T = 282.06*, S × L = 282.06*, T × L = 325.7*, S × T × L = 536.28*.  
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Appendix 5.  Effect of soil texture and pore volume on ECe (dS m-1) of soil at different depths. 
Soil  type 

 
Depth (cm) Treatment Mean 

0 T1 (1.0 PV) T2 (1.5 PV) T3 (2.0 PV) T4 (2.5 PV)

LS (S1) 

0-5 8.2 2.9 2.2 1.8 1.3 2.0
5-`10 8.2 3.5 2.7 1.9 1.7 2.4
10-15 8.2 4.1 2.9 2.3 1.9 2.8
15-20 8.2 5.6 4.4 3.9 2.1 4.0
20-25 8.2 7.1 6.2 3.4 2.5 4.8
Mean                                     8.2 4.7 3.7 2.7 1.9I

SiCL (S2) 

0-5 23.9 6.7 6.0 4.7 3.0 5.1
5-`10 23.9 7.5 6.8 5.0 3.5 2.9
10-15 23.9 9.6 7.2 6.2 4.3 6.8
15-20 23.9 11.2 9.4 6.7 4.5 7.9
20-25 23.9 14.6 11.3 6.9 4.8 9.4
Mean                                    23.9 9.9 8.1 5.9 4.0

SCL (S3) 

0-5 33.9 3.3 2.9 2.1 1.1 2.4
5-`10 33.9 3.8 3.7 2.7 1.6 5.7
10-15 33.9 4.1 3.8 2.7 1.9 3.2
15-20 33.9 7.8 5.6 3.3 2.9 4.9
20-25 33.9 10.6 6.7 4.3 3.1 6.2
Mean                                    33.9 5.9 4.6 3.0 2.1

Mean 

Soil (S) LS (S1) 3.2c SiCL (S2) 7.0a SCL (S3) 3.9b 

Treatment (T) T1 6.8a T2 5.5b T3 3.9c T4 2.7d 

Depth (D) D1 3.2e D2 3.7d D3 4.3c D4 5.6b D5 6.8a 

Interactions 
S×T 
 

S1T1 
4.7d 

S1T2 
3.7f 

S1T3 
2.7gh 

S1T4 
1.9i 

S2T1 
9.9a 

S2T2 
8.1b 

S2T3 
5.9c 

S2T4 
4.0ef 

S3T1 
5.9c 

S3T2 
4.6de 

S3T3 
3.0g 

S3T4 

2.1hi 

S×D 
S1D1 
2.0j 

S1D2 
2.4ij 

S1D3 
2.8hi 

S1D4 
4.0g 

S1D5 
4.8f 

S2D1 
5.1ef 

S2D2 
2.9hi 

S2D3 
6.8c 

S2D4 
7.9b 

S2D5 
9.4a 

S3D1 
2.4d 

S3D2 
5.7de 

S3D3 
3.2h 

S3D4 

4.9f
S3D5 
6.2d 

T×D 
 

T1D1 
4.3de 

T1D2 
4.9d 

T1D3 
5.9c 

T1D4 
8.2b 

T1D5 
10.8a 

T2D1 
3.7ef 

T2D2 
4.4de 

T2D3 
4.7d 

T2D4 
6.5c 

T2D5 
8.0b 

T3D1 
2.9g-i 

T3D2 
3.2f-h 

T3D3 
3.7ef 

T3D4 

4.6d 
T3D5 
4.9d 

T3D1 
2.9g-i 

T3D2 
3.2f-h 

T3D3 
3.7ef 

T3D4 

4.6d 
T3D5 
4.9d 

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P < 0.05. 
D= Depth; D1 = First Depth, subscript indicates the depth number;   
LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy clay loam;  
LSD: Soil = 0.28*; Treatment = 0.32*; Depth = 0.36*; S × T = 0.54*; S × D = 0.60*; T × D = 0.70; S × T × L = 0.12*; 
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Appendix 6.  Effect of soil texture and pore volumes on SAR of soil at different depths. 
Soil  
type 

Depth  (cm) Treatment Mean 
 T1 (1.0 PV) T2 (1.5 PV) T3 (2.0 PV) T4 (2.5 PV)

 
 
LS 
(S1) 

0-5 25.2 13.3 13.5 7.4 14.8
5-`10 31.7 17.0 12.7 9.9 17.8
10-15 35.9 17.3 14.9 11.0 19.8
15-20 60.5 26.0 27.8 12.9 31.8
20-25 74.7 41.3 21.4 16.0 38.3
Mean 45.6 23.0 18.1 11.5

 
 
SiCL 
(S2) 

0-5 37.7 30.8 21.2 9.06 24.7
5-`10 43.7 35.8 22.1 11.6 28.3
10-15 53.3 37.1 32.1 16.6 34.8
15-20 74.6 47.8 34.1 23.4 45.0
20-25 99.3 59.2 34.3 20.8 53.4
Mean 61.8 42.2 28.8 16.3

 
 
SCL 
(S3) 

0-5 27.5 18.9 14.9 4.84 5.14
5-`10 32.4 25.0 18.7 8.71 21.2
10-15 34.7 23.4 18.7 11.7 22.1
15-20 96.0 34.4 21.1 19.6 42.8
20-25 136.1 38.7 28.5 20.9 56.0
Mean 65.4 28.1 20.4 13.2

 
Mean 

Soil (S) LS (S1) 24.6c SiCL (S2) 37.3a SCL (S3) 31.8b

Treatment (T) T1  57.6a T2  31.1b T3  22.4c T4 

Depth (D) D1 18.7e D2 22.4d D3 25.6c D4 39.8b D5 49.3a

Interactions 
S×T 
 

S1T1 
45.6c 

S1T2 
23.0f 

S1T3 
18.1gh 

S1T4 
11.5i 

S2T1 
61.8b 

S2T2 
42.2d 

S2T3 
28.8e 

S2T4 
16.3h 

S3T1 
65.4a 

S3T2 
28.1e 

S3T3 
20.4fg 

S3T4 

13.2i 

S×D 
S1D1 
14.8i 

S1D2 
17.8hi 

S1D3 
19.8gh 

S1D4 
31.8d 

S1D5 
38.4c 

S2D1 
24.7f 

S2D2 
28.3e 

S2D3 
34.8d 

S2D4 
45.0b 

S2D5 
53.4a 

S3D1 
16.6i 

S3D
2 
21

S3D3 
22.1fg 

S3D4 

42.8b 
S3

D

T×D 
 

T1D1 
30.2f 

T1D2 
36.0e 

T1D3 
41.5d 

T1D4 
77.1b 

T1D5 
103 

T2D1 
21.0hi 

T2D2 
26.0g 

T2D3 
26.0g 

T2D4 
36.1e 

T2D5 
46.4c 

T3D1 
16.5j
k

T3D2 
17.8ij 

T3D
3 
21 9

T3D4 
27.7fg 

T3D5 
28.0fg 

T4D
1 
7 10

T4D2 
10.1lm 

T4D3 
13.2kl 

T4D4 
18.7h-J 

T4

D5 

19
Values sharing same letter(s) in mean columns or rows are statistically similar at P < 0.05 and * = Significant at P < 0.05.  
D = Depth, D1 = first Depth, subscript indicates depth, S1 = Loamy sand, S2 = Silty clay loam, S3 = Sandy clay loam. 
LSD: Soil = 0.28*, Treatment = 0.32*, Depth = 0.36*, S × T = 0.54*, S × D = 0.60*, T × D = 0.70.  
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Appendix 7.  Effect of soil texture and pore volume on fraction of salts leached (kg ha-1) from soils. 

Soil  type 
 

Depth (cm) Treatment Mean
 T1 (1.0 PV) T2 (1.5 PV) T3 (2.0 PV) T4 (2.5 PV)

 
 

LS (S1) 

0-5 0.64 0.73 0.77 0.84 0.74
5-`10 0.58 0.68 0.76 0.79 0.70
10-15 0.49 0.64 0.72 0.77 0.65
15-20 0.31 0.46 0.53 0.74 0.50
20-25 0.13 0.24 0.58 0.70 0.41
Mean 0.43 0.55 0.67 0.77

 
 

SiCL (S2) 

0-5 0.72 0.75 0.80 0.87 0.78
5-`10 0.69 0.71 0.79 0.85 0.76
10-15 0.59 0.69 0.74 0.82 0.71
15-20 0.53 0.60 0.72 0.81 0.66
20-25 0.39 0.53 0.71 0.79 0.60
Mean 0.58 0.66 0.75 0.83

 
 

SCL (S3) 

0-5 0.90 0.91 0.94 0.97 0.93
5-`10 0.89 0.89 0.92 0.95 0.91
10-15 0.88 0.89 0.92 0.94 0.90
15-20 0.77 0.83 0.90 0.92 0.86
20-25 0.69 0.80 0.87 0.91 0.82
Mean 0.82 0.86 0.91 0.94

 
Mean 

Soil (S) LS (S1) 0.60c SiCL (S2) 0.71b SCL( S3) 0.88a

Treatment (T) T1 0.61d T2 0.69c T3 0.78b T4 0.84a
Depth (D) D1  0.82a D2  0.79b D3  0.76c D4  0.68d D5  0.61e

Interactions 
S×T 
 

S1T1 
0.43i 

S1T2 
0.55h 

S1T3 
0.67f 

S1T4 
0.77e 

S2T1 
0.58g 

S2T2 
0.66f 

S2T3 
0.75e 

S2T4 
0.83d 

S3T1 
0.82d 

S3T2 
0.86c 

S3T3 
0.91b 

S3T4 

0.94a 

S×D 
S1D1 
0.74e 

S1D2 
0.70f 

S1D3 
0.65g 

S1D4 
0.50i 

S1D5 
0.41j 

S2D1 
0.78d 

S2D2 
0.76de 

S2D3 
0.71f 

S2D4 
0.66g 

S2D5 
0.60h 

S3D1 
0.93a 

S3D2 
0.91a 

S3D3 
0.90a 

S3D4 

0.86b 
S3D5 
0.82c 

T×D 
 

T1D1 
0.75n-
t 

T1D2 
0.72g 

T1D3 
0.66h 

T1D4 
0.53i 

T1D5 
0.40j 

T2D1 
0.79de 

T2D2 
0.76f 

T2D3 
0.74fg 

T2D4 
0.63h 

T2D5 
0.52i 

T3D1 
0.84bc 

T3D2 
0.82cd 

T3D3 
0.79e 

T3D4 

0.72g 
T3D5 
0.72g 

T4D1 
0.89a 

T4D2 
0.86ab 

T4D3 
0.84bc 

T4D4 
0.82c-e 

T4D5 
0.80de 

Values sharing same letter(s) in mean columns or rows are statistically similar at P < 0.05 and * = Significant at P < 0.05. 
D = Depth, D1 = first Depth, subscript indicates depth, S1 = Loamy sand, S2 = Silty clay loam, S3 = Sandy clay loam. 
LSD: Soil = 11.4*, Treatment = 13.16*, Depth = 14.72*, S × T = 0.02*, S × D = 0.026*, T × D = 0.030*. 
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Appendix 8. Effect of soil texture and leachate number on mean volume of leachate. 

Soil type       
 

Amendment 
Leach  

Treatment Mean
 T1 T2 T3  T4 

LS(S1) 

C 

1 776 789 793 821 795
2 718 733 758 756 741
3 672 719 747 742 720
4 614 727 757 730 707
Mean 695 742 764 762

G 

1 870 883 898 921 893
2 829 847 862 871 852
3 793 805 820 826 811
4 752 772 801 795 780
Mean 811 827 845 853

FM 

1 857 874 880 893 876
2 818 833 855 869 844
3 762 790 803 817 793
4 719 752 760 773 751
Mean 789 812 825 838

M 

1 779 792 803 809 795
2 711 720 742 766 735
3 661 700 692 700 688
4 594 677 683 689 661
Mean 686 722 730 741

 
 
SiCL(S2) 
 
 
 

C 

1 685 696 707 734 705
2 670 686 691 697 686
3 592 611 620 628 613
4 478 543 574 596 548
Mean 606 634 648 664

G 

1 893 900 904 925 905
2 904 918 932 940 924
3 852 883 895 909 885
4 807 835 868 883 848
Mean 864 884 900 914

FM 

1 873 888 895 906 890
2 901 909 951 960 930
3 875 879 891 903 887
4 819 837 843 854 838
Mean 867 878 895 906

M 
1 656 679 701 721 689
2 663 692 418 726 625
3 582 599 623 642 612
4 457 521 555 571 526
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Mean 590 623 574 665

SCL(S3) 

C 

1 786 799 803 831 804
2 728 743 768 766 751
3 682 729 757 752 730
4 624 737 767 740 717
Mean 705 752 774 772

G 

1 880 893 908 931 903
2 839 857 872 881 863
3 803 815 830 836 821
4 762 782 811 805 790
Mean 821 837 855 863

FM 

1 867 884 890 903 886
2 828 843 865 879 854
3 772 800 813 827 803
4 729 762 770 783 761
Mean 799 822 835 848

M 

1 789 802 813 819 806
2 721 730 752 776 745
3 671 710 702 710 698
4 604 687 693 699 671
Mean 696 732 740 751

Mean 

Soil LS (S1) 778b SiCL (S2) 757c SCL (S3) 788a
Treatments T1 744d T2 772c T3 782b T4 798a
Amendments C 710c G 856a FM 843b M 688d
Leachate L1 829a L2 796b L3 755c L4 716d

Interactions 

S × L S1L1 

840b 

S1L2 

793e 

S1L3 

753g 

S1L4 

725j
S2L1 

798d
S2L2 

791e
S2L3 

749h
S2L4 

690k
S3L1 

850a
S3L2 

803c
S3L3 

763f
S3L4 

734i 

S × T S1T1 
745g 

S1T2 
776e 

S1T3 
791c 

S1T4

799b
S2T1

732h
S2T2

755f
S2T3

754f
S2T4

787d
S3T1

756f
S3T2

786d
S3T3

801b
S3T4 
809a 

T × L T1L1 
809d 

T1L2 
823c 

T1L3 
833b 

T1L4

851a
T2L1

778f
T2L2

793e
T2L3

789e
T2L4

824c
T3L1

727j
T3L2

754h
T3L3

766g
T3L4

775f
T4L1

663l
T4L2

719k
T4L3

740i
T4L4 
743i 

T × A T1C 
669m 

T1G 
832e 

T1FM 
819f 

T1M
658n

T2C
710j

T2G
849c

T2FM
838d

T2M
693k

T3C
729h

T3G
867b

T3FM
851c

T3M
682l

T4C
733g

T4G
877a

T4FM
864b

T4M 
719i 

Values sharing same letter(s) in rows are statistically similar at P <0.05 and * = Significant at P <0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy clay loam, C = Control, G = 
Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1.  
LSD: Soil = 0.18*, Treatments = 2.08*, Leachates = 2.08*, Amendments = 1.04*, S × T = 3.60*, S × L = 2.16*, T × L = 4.16*, T × A = 4.16*.  
 
 
 
 
 
 



 160

 
 
Appendix 9. Effect of gypsum farm manure, mulch and water quality on Leaching fraction of different textured soils. 

Soil type      
 

Amendment 
Leach  

Treatment Mean
 T1 T2 T3  T4 

LS(S1) 

C 

1 0.78 0.79 0.79 0.82 0.80
2 0.72 0.73 0.76 0.75 0.74
3 0.67 0.72 0.74 0.74 0.72
4 0.61 0.73 0.76 0.73 0.71
Mean 0.70 0.74 0.70 0.70

G 

1 0.87 0.88 0.9 0.92 0.89
2 0.83 0.84 0.86 0.87 0.85
3 0.79 0.8 0.82 0.82 0.81
4 0.75 0.77 0.8 0.79 0.78
Mean 0.81 0.82 0.70 0.70

FM 

1 0.86 0.87 0.88 0.89 0.88
2 0.82 0.83 0.85 0.87 0.84
3 0.76 0.79 0.8 0.81 0.79
4 0.72 0.75 0.76 0.77 0.75
Mean 0.79 0.81 0.695 0.695

M 

1 0.78 0.79 0.8 0.81 0.80
2 0.71 0.72 0.74 0.77 0.74
3 0.66 0.7 0.69 0.7 0.69
4 0.59 0.68 0.68 0.69 0.66
Mean 0.69 0.72 0.70 0.70

 
 
SiCL(S2) 
 
 
 

C 

1 0.68 0.7 0.71 0.73 0.71
2 0.67 0.68 0.69 0.69 0.68
3 0.59 0.61 0.62 0.63 0.61
4 0.48 0.54 0.57 0.6 0.55
Mean 0.61 0.63 0.70 0.70

G 

1 0.89 0.9 0.9 0.92 0.90
2 0.9 0.92 0.93 0.94 0.92
3 0.85 0.88 0.89 0.91 0.88
4 0.81 0.83 0.87 0.88 0.85
Mean 0.86 0.88 0.70 0.70

FM 

1 0.87 0.89 0.89 0.91 0.89
2 0.9 0.91 0.95 0.96 0.93
3 0.87 0.88 0.89 0.9 0.89
4 0.82 0.84 0.84 0.85 0.84
Mean 0.87 0.88 0.70 0.70

  



 161

 M 

1 0.66 0.68 0.7 0.72 0.69
2 0.66 0.69 0.42 0.73 0.63
3 0.58 0.6 0.62 0.64 0.61
4 0.46 0.52 0.55 0.57 0.53
Mean 0.59 0.62 0.70 0.70

SCL(S3) 

C 

1 0.79 0.8 0.8 0.83 0.81
2 0.73 0.74 0.77 0.76 0.75
3 0.68 0.73 0.75 0.75 0.73
4 0.62 0.74 0.77 0.74 0.72
Mean 0.71 0.75 0.70 0.70

G 

1 0.88 0.89 0.91 0.93 0.90
2 0.84 0.85 0.87 0.88 0.86
3 0.8 0.81 0.83 0.83 0.82
4 0.76 0.78 0.81 0.8 0.79
Mean 0.82 0.83 0.70 0.70

FM 

1 0.87 0.88 0.89 0.9 0.89
2 0.83 0.84 0.86 0.88 0.85
3 0.77 0.8 0.81 0.82 0.80
4 0.73 0.76 0.77 0.78 0.76
Mean 0.80 0.82 0.70 0.70

M 

1 0.79 0.8 0.81 0.82 0.81
2 0.72 0.73 0.75 0.78 0.75
3 0.67 0.71 0.7 0.71 0.70
4 0.6 0.69 0.69 0.7 0.67
Mean 0.70 0.73 0.70 0.70

Mean 

Soil LS (S1) 0.77b SiCL (S2) 0.75c SCL (S3) 0.78a
Treatment T1 0.74d T2 0.77c T3 0.78b T4 0.79a
Amendment C 0.71c G 0.85a FM 0.84b M 0.68d
Leachate L1 0.82a L2 0.79b L3 0.75c L4 0.71d

Interactions 

S × L S1L1 

0.83b 

S1L2 

0.79e 

S1L3 

0.75h 

S1L4 

0.72k
S2L1 

0.79d
S2L2 

0.79f
S2L3 

0.74i
S2L4 

0.69l
S3L1 

0.84a
S3L2 

0.80c
S3L3 

0.76g
S3L4 

0.73j 

S × T S1T1 
0.74j 

S1T2 
0.77g 

S1T3 
0.79d 

S1T4

0.79c
S2T1

0.73k
S2T2

0.75hi
S2T3

0.75i
S2T4

0.78e
S3T1

0.75h
S3T2

0.78f
S3T3

0.80b
S3T4 
0.80a 

T × L T1L1 
0.81e 

T1L2 
0.77h 

T1L3 
0.72n 

T1L4

0.66p
T2L1

0.82d
T2L2

0.79f
T2L3

0.75k
T2L4

0.71o
T3L1

0.83b 
T3L2

0.78g
T3L3

0.76j
T3L4

0.74m
T4L1

0.85a
T4L2

0.82c
T4L3

0.77i
T4L4 
0.74l 

T × A T1C 
0.67o 

T1G 
0.83g 

T1FM 
0.81h 

T1M
0.65p

T2C
0.71l

T2G
0.84e

T2FM
0.83f

T2M
0.69m

T3C
0.72j

T3G
0.86b

T3FM
0.85d

T3M
0.68n

T4C
0.73i

T4G
0.87a

T4FM
0.86c

T4M 
0.72k 

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy clay loam, C = Control, G = 
Gypsum @ 100% SGR, F = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1.  
LSD: Soil =6.02×10-4*, Treatments = 6.96×10-4*, Leachates = 6.96×10-4*, Amendments = 6.96×10-4*, S × T = 1.20×10-3*, A× S = 1.20×10-3*, T × L = 1.39×10-3*, T × A = 1.39×10-

3*.  
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Appendix 10.  Effect of gypsum, farm manure, mulch and water quality on salt removal (mg Leachate -1) from different textured soils. 

Soil 
Type        

 
Amendment Leach 

Treatment Mean 
 T1  T2 T3 T4 

LS(S1) 

C 1 3484 3993 4450 4743 4168
2 2707 3215 3563 3966 3363
3 1983 3030 3438 4663 3279
4 2255 2161 1825 1663 1976
Mean 2607 3100 3100 3100

G 1 8583 8971 10215 10902 9668
2 7306 7714 8899 9394 8328
3 8552 5965 6318 7369 7051
4 4353 4696 5846 6169 5266
Mean 7199 6837 3100 3100

FM 1 7544 7951 9075 9621 8548
2 6339 6700 7917 8447 7351
3 5905 5014 5333 6420 5668
4 3398 3775 4739 5177 4272
Mean 5797 5860 3100 3100

M 1 4275 4799 5308 5481 4966
2 3391 3877 4229 4783 4070
3 2611 3649 3876 5099 3809
4 2774 2689 2328 2257 2512
Mean 3263 3754 3100 3100

 
 
SiCL(S2

) 
 
 
 

C 1 4945 6027 10674 15159 9201
2 6272 7418 10822 12986 9375
3 3745 4499 6471 8915 5908
4 1965 3048 5213 7663 4472
Mean 4232 5248 3100 3100

G 1 9662 11367 17371 21463 14966
2 8331 10018 15105 17413 12717
3 6281 8624 12030 20203 11785
4 3695 5352 6702 9180 6232
Mean 6992 8840 3100 3100

FM 1 8831 10591 16568 20384 14094
2 7669 9279 14743 17107 12200
3 6780 5861 8074 11502 8054
4 3174 4775 5916 8278 5536
Mean 6614 7627 3100 3100

M 1 3600 4114 4634 4885 4308
2 6821 8125 6937 14201 9021
3 4222 4967 7080 9709 6495
4 2302 3408 5556 7872 4785
Mean 4236 5154 3100 3100
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SCL(S3) 

C 1 1250 4303 5178 6608 4335
2 2165 5031 6016 7153 5091
3 2092 3314 4547 5177 3783
4 1362 2991 2857 3406 2654
Mean 1717 3910 3100 3100

G 1 12067 13748 16263 24421 16625
2 9188 10829 13212 20681 13478
3 10720 12936 13498 15025 13045
4 8433 10626 11336 12628 10756
Mean 10102 12035 3100 3100

FM 1 15207 18192 19022 20802 18306
2 12238 15023 16102 17826 15297
3 9787 10875 11806 12343 11203
4 7577 8618 9423 9898 8879
Mean 11202 13177 3100 3100

M 1 2346 5428 6366 7606 5437
2 3043 3609 5750 6787 4797
3 2815 3237 3439 3678 3292
4 1531 4349 5123 6925 4482
Mean 2434 4156 3100 3100

Mean 

Soil LS (S1) 5268c SiCL (S2) 8696b SCL (S3) 8841a
Treatment (T) T1 5533d T2 6641c T3 8150b T4 10084a
Amendment (A) C 4800d G 10826a FM 9951b M 4831c
Leachate (L) L1 9551a L2 8757b L3 6947c L4 5151d

Interactions 

S × L S1L1 

6837g 

S1L2 

5778i 
S1L3 

4952k
S1L4 

3507l
S2L1 

10642c
S2L2 

10828
S2L3 

8060e 

S2L4 

5256j
S3L1 

11175a
S3L2 

9666d
S3L3 

7831f
S3L4 

6693h 

S × T S1T1 
4716l 

S1T2 
4888k 

S1T3

5460j
S1T4

6010
S2T1

5518i
S2T2

6717f
S2T3 
9618c 

S2T4

12933
S3T1

6364g
S3T2

8319e
S3T3

9371d
S3T4 
11310

T × L T1L1 
6816i 

T1L2 
6289j 

T1L3 
5458m 

T1L4

4707
T2L1

8290
T2L2

7570
T2L3

5998
T2L4

5572l
T3L1 
10427

T3L2

9441d
T3L3

7159h
T3L4

6760
T4L1

12673
T4L2

11729
T4L3

9175e
T4L4 
3568o 

T × A T1C 
2852p 

T1G 
8098

T1FM 
7871h 

T1M
3311

T2C
4086

T2G
9237e

T2FM
8888f

T2M
4354m

T3C 
5421k 

T3G
11400c

T3FM
10727

T3M
5052

T4C
6842i

T4G
14571

T4FM
12317

T4M 
6607j 

          Values sharing same letter(s) in rows are statistically similar at P < 0.05, and * = Significant at P < 0.05.  
          L = leachate, L1 = First leachate, subscript indicates the leachate number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy    clay loam, C = Control,  
          G =  Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
          LSD: Soil = 26.44*, Treatment = 30.53*, Leachate = 30.53*, Amendment = 30.53*, S × L = 52.87*, S × T = 52.87*, T × L = 61.05*, T × A = 61.05*.  
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Appendix 11.  Effect of gypsum, farm manure, mulch and water quality on mean salt removal (kg ha-1) from different textured soils. 

Soil 
Type          

 
Amendment Leach 

Treatment Mean
 T1  T2 T3  T4 

LS(S1) 

C 1 696 798 890 948 833
2 541 643 712 793 672
3 396 606 687 932 655
4 451 432 365 332 395
Mean 521 620 664 751

G 1 1716 1794 2043 2180 1933
2 1461 1542 1780 1878 1665
3 1710 1193 1263 1474 1410
4 870 939 1169 1233 1053
Mean 1439 1367 1564 1691

FM 1 1508 1590 1815 1924 1709
2 1267 1340 1583 1689 1470
3 1181 1002 1066 1284 1133
4 679 754 947 1035 854
Mean 1159 1172 1353 1483

M 1 855 960 1061 1096 993
2 678 775 846 957 814
3 522 730 775 1019 762
4 555 537 466 451 502
Mean 653 751 787 881

 
 
SiCL(S2) 
 
 
 

C 1 989 1205 2135 3031 1840
2 1254 1483 2164 2597 1875
3 749 900 1294 1783 1182
4 393 609 1042 1532 894
Mean 846 1049 1659 2236

G 1 1932 2273 3474 4292 2993
2 1666 2003 3020 3482 2543
3 1256 1724 2406 4040 2357
4 739 1070 1340 1836 1246
Mean 1398 1768 2560 3413

FM 1 1766 2118 3313 4077 2819
2 1534 1855 2948 3421 2440
3 1356 1172 1614 2300 1611
4 634 955 1183 1655 1107
Mean 1323 1525 2265 2863

M 1 720 823 926 977 862
2 1364 1625 1387 2840 1804
3 844 993 1416 1942 1299
4 460 681 1111 1574 957
Mean 847 1031 1210 1833
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SCL(S3) 

C 1 250 860 1035 1321 867
2 432 1006 1203 1431 1018
3 418 663 909 1035 756
4 272 598 571 681 531
Mean 343 782 930 1117

G 1 2413 2749 3252 4884 3325
2 1837 2165 2642 4136 2695
3 2144 2587 2699 3005 2609
4 1686 2125 2267 2525 2151
Mean 2020 2407 2715 3638

FM 1 3041 3638 3804 4160 3661
2 2447 3004 3220 3565 3059
3 1957 2175 2361 2468 2240
4 1515 1723 1884 1979 1775
Mean 2240 2635 2817 3043

M 1 469 1085 1273 1521 1087
2 608 721 1150 1357 959
3 562 647 687 735 658
4 306 869 1024 1385 896
Mean 486 831 1034 1250

Mean 

Soil LS (S1) 1053c SiCL (S2) 1739b SCL (S3) 1768a
Treatment (T) T1 1106d T2 1328c T3 1630b T4 2016a
Amendment (A) C 960d G 2165a FM 1990b M 966c
Leachate (L) L11910a L2 1751b L3 1389c L4 1030d

Interactions 

S × L S1L1 

1367g 

S1L2 

1155i 
S1L3 

990k 

S1L4 

701l
S2L1 

2128c
S2L2 

2165b
S2L3 

1612e 

S2L4 

1051j
S3L1 

2235a
S3L2 

1933d
S3L3 

1566f
S3L4 

1338h 

S × T S1T1 
943l 

S1T2 
977k 

S1T3 
1092j 

S1T4

1201h
S2T1

1103i
S2T2

1343f
S2T3

1923c 
S2T4

2586a
S3T1

1272g
S3T2

1663e
S3T3

1874d
S3T4 
2262b 

T × L T1L1 
1363i 

T1L2 
1257j 

T1L3 
1091m 

T1L4

713o
T2L1

1658f
T2L2

1513g
T2L3

1199k
T2L4

941n
T3L1

2085c 
T3L2

1888d
T3L3

1431h
T3L4

1114l
T4L1

2534a
T4L2

2345b
T4L3

1835e
T4L4 
1351i 

T × A T1C 
570p 

T1G 
1619g 

T1FM 
1574h 

T1M
662o

T2C
817n

T2G
1847e

T2FM
1777

T2M
870m

T3C
1084k 

T3G
2279c

T3FM
2145d

T3M
1010l

T4C
1368i

T4G
2914a

T4FM
2463b

T4M 
1321j 

Values sharing same letter(s) in rows are statistically similar at P < 0.05, and * = Significant at P < 0.05.  
L = leachate, L1 = First leachate, subscript indicates the leachate number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy    clay loam, C = Control, G = 
Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Soil = 50.68*, Treatment = 6.10*, Leachate = 6.10*, Amendment = 6.10*, S × L = 10.57*, S × T = 10.57*, T × L =12.20*, T × A = 12.20*.  

 



 166

 
 
Appendix 12. Effect of gypsum, farm manure, mulch and water quality on pHs of different textured soils. 

Soil 
type        

Amendme
nt Depth (cm) 

Treatment Mean 
 T1 T2  T3  T4  

LS(S1) 

C 0-12  7.60 7.76 7.79 8.08 7.81
12-24 7.82 7.96 8.00 8.29 8.02

G 0-12  8.03 7.83 7.62 7.54 7.75
12-24 8.25 8.03 7.83 7.75 7.96

FM 0-12  8.07 7.90 7.79 7.76 7.88
12-24 8.28 8.12 8.00 7.97 8.09

M 0-12  7.76 7.82 7.87 8.03 7.87
12-24 7.98 8.02 8.07 8.25 8.08

 
 
SiCL(S
2) 
 
 
 

C 0-12  8.74 8.86 8.87 8.84 8.82
12-24 8.84 8.96 8.97 8.94 8.92

G 0-12  8.27 8.14 8.06 7.95 8.10
12-24 8.38 8.24 8.17 8.05 8.20

FM 0-12  8.19 8.01 7.97 7.89 8.01
12-24 8.29 8.12 8.06 7.99 8.12

M 0-12  8.68 8.74 8.78 8.74 8.74
12-24 8.78 8.84 8.88 8.85 8.84

SCL(S3

) 

C 0-12  8.74 8.86 8.87 8.84 8.82
12-24 8.79 8.92 8.93 8.89 8.88

G 0-12  8.09 7.97 7.82 7.70 7.89
12-24 8.16 8.03 7.87 7.76 7.96

FM 0-12  8.17 8.03 7.95 7.86 8.00
12-24 8.23 8.09 8.00 7.92 8.06

M 0-12  8.68 8.73 8.78 8.74 8.74
12-24 8.75 8.79 8.85 8.80 8.79

Mean 

Soil (S) LS (S1) 7.93 c SiCL (S2) 8.47a LS (S3) 8.39b 
Treatment 
(T)

 T1 8.31a T2 8.28ab T3 8.24b T4 8.22b 

Amendme
nt (A)

C 8.54a G 7.98b FM 8.03b M 8.51a 

Depth (D) D1 8.20b D2 8.33a
Interactions 
S×D S1D1 7.83d S1D2 8.04c S2D1 8.42b S2D2 8.53a S3D1 8.36b S3D2 8.43b 
S×T S1T1 S1T27.93 S1T3 7.87f S1T47.95 S2T18.52a S2T28.48ab S2T38.47a-c S2T48.40b-d S3T18.45 S3T28.43a-c S3T38.38cd S3T48.32
T×D T1 D 1 8.25c-e T1 D 2 8.38a T2 D 1 8.22d-f T2 D 2 8.34ab T3 D 1 8.18ef T3 D 2 8.30a-c T4 D 1 8.16f T4 D 2 8.29b-d 

T × A T1C 
8.42d 

T1G 
8.19e 

T1F
M 

T1M 
8.44c

T2C 
8.55a-c

T2G 
8.04f

T2F
M

T2M 
8.49b-d

T3C 
8.57ab

T3G 
7.89g

T3FM 
7.96fg

T3M 
8.54a-c

T4C 
8.64a

T4G 
7.79h

T4FM 
7.89gh

T4M 
8.57ab 

Values sharing same letter (s) in mean columns or rows are statistically similar at P < 0.05, and * = Significant at P < 0.05. 
D = Depth, D1 = first Depth, subscript indicates depth number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy    clay loam, C = Control, G = Gypsum @ 
100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 

LSD: Soils = 0.04, Treatment = 0.08, Amendment = 0.04, Depth = 0.04*, S × D = 0.078, S × T=0.08, T × D = 0.08, T × A = 0.12. 
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Appendix 13.  Effect of gypsum, farm manure, mulch and water quality on SAR of different textured soils. 
 

Soil 
Type         

Amendment Depth  
(cm) 

Treatment Mean 
 T1  T2 T3  T4 

LS(S1) 

C 0-12  15.9 17.8 20.4 28.6 20.7
12-24 16.1 18.0 20.6 28.8 20.9

G 0-12  6.2 8.6 9.3 13.9 9.5
12-24 6.4 8.8 9.5 14.2 9.7 

FM 0-12  8.0 9.7 11.0 13.4 10.5
12-24 8.3 9.9 11.3 13.6 10.7

M 0-12  13.6 15.5 18.0 26.2 18.3
12-24 13.8 15.6 18.2 26.5 18.5

 
 
SiCL(S2) 
 
 
 

C 0-12  17.4 19.3 21.9 30.0 22.1
12-24 17.5 19.4 21.9 30.2 22.2

G 0-12  7.6 10.0 10.7 15.4 10.9
12-24 7.7 10.1 10.8 15.5 11.0

FM 0-12  9.5 11.2 12.5 14.8 12.0
12-24 9.6 11.3 12.6 14.9 12.1

M 0-12  15.0 16.9 19.5 27.6 19.7
12-24 15.1 17.0 19.6 27.8 19.9

SCL(S3) 

C 0-12  12.5 14.4 16.9 25.1 17.3
12-24 12.6 14.6 17.1 25.3 17.4

G 0-12  2.7 5.2 5.85 10.5 6.0
12-24 2.9 5.3 6.0 10.6 6.2

FM 0-12  4.6 6.3 7.6 9.9 7.1
12-24 4.8 6.4 7.8 10.0 7.3

M 0-12  10.1 12.0 14.6 22.8 14.9
12-24 10.3 12.2 14.8 22.9 15.0

Mean 
Soil (S) LS (S1) 14.9b SiCL (S2) 16.3a LS (S3) 11.4c
Treatment  T1 10.3d T2 12.4c T3 14.1b T4 19.9a
Amendment C 20.1a G 8.9d FM 9.9c M 17.7b
Depth (D) D1 14.1b D2 14.3b

Interactions 
S×D S1D114.8d S1D214.9c S2D116.2b S2D216.3a S3D111.3f S3D211.5e

 
S×T 

S1T1 
11.0i 

S1T2 
13.0g 

S1T3

14.8e
S1T4

20.6b
S2T1

12.4
S2T2 
14.2f 

S2T3

16.2d
S2T4

22.0a
S3T1

7.6l
S3T2

9.5k
S3T3

11.3i
S3T4 
17.2c 

 
T×D 

T1D 1 

10.3h 
T1D 2 
10.4 

T2D1

12.2
T2D 2

12.4e
T3D 1

14.0d
T3D 2

14.2c
T4D 1

19.9b
T4D 2

20.0a
 
T × A 

T1C 
15.3f 

T1G 
5.6p 

T1FM
7.4o

T1M
12.9i

T2C
17.3e

T2G
8.0n

T2FM
9.1l

T2M 
14.9g 

T3C
19.8c

T3G
8.7m

T3FM
10.4k

T3M
17.4d

T4C
28.0a

T4G
13.4h

T4FM
12.8j

T4M 
25.6b 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
D = Depth, D1 = first Depth, subscript indicates depth number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy    clay loam, C = Control, G = Gypsum @ 100% SGR, FM = Farm 
manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Soils = 0.04, Treatment = 0.08, Amendment = 0.04, Depth = 0.02*, S × D = 0.06*, S × T = 0.08*, T × D = 0.08*, T × A = 0.10*  
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Appendix 14.  Effect of gypsum, farm manure, mulch and water quality on ECe of different textured soils. 
Soil 
Type          

Amend. Depth (cm) Treatment Mean 
T1  T2 T3 T4 

LS(S1) 

C 0-12 3.97 4.03 4.33 4.38 4.17
12-24 4.18 4.25 4.54 4.59 4.39

G 0-12  3.46 3.72 3.59 3.74 3.62
12-24 3.67 3.93 3.79 3.95 3.83

FM 0-12  3.28 3.37f 3.49 3.42 3.39
12-24 3.49 3.58 3.70 3.63 3.59

M 0-12  3.80 3.89 4.03 3.96 3.92
12-24 4.01 4.10 4.25 4.17 4.13

 
 
SiCL(S2) 
 
 
 

C 0-12  4.01 4.17 4.28 4.39 4.21
12-24 4.12 4.27 4.38 4.49 4.31

G 0-12  3.32 3.39 3.54 3.62 3.46I
12-24 3.42 3.49 3.64 3.72 3.56

FM 0-12  3.66 3.74 3.87 3.92 3.79
12-24 3.76 3.84 3.97 4.01 3.89

M 0-12  4.06 4.14 4.16 4.33 4.18
12-24 4.17 4.24 4.26 4.43 4.27

SCL(S3) 

C 0-12  3.86 4.06 4.15 4.17 4.05
12-24 3.92 4.13 4.20 4.23 4.12

G 0-12  3.15 3.32 3.45 3.52 3.36
12-24 3.20 3.38 3.50 3.58 3.42

FM 0-12  3.26 3.49 3.61 3.86 3.55
12-24 3.32 3.56 3.67 3.92 3.61

M 0-12  3.92 4.14 4.23 4.17 4.11
12-24 3.98 4.19 4.29 4.23 4.18

Mean 

Soil (S) LS (S1) 3.88b SiCL (S2) 3.96a SCL (S3) 3.80c
Treatment (T) T1 3.70d T2 3.85c T3 3.95b T4 4.01a
Amendment (A) C 4.21a G 3.54d FM 3.64c M 4.13b
Depth (D) D1 3.82b D2 3.94a

Interactions 
S×D S1D1 

3.77c 
S1D2 

3.98a 
S2D1 

3.91b 
S2D2 

4.01a 
S3D1 

3.77c 
S3D2 

3.83c 

S×T S1T1 
3.73f 

S1T2 
3.86de 

S1T3 
3.96bc 

S1T4 
3.97bc 

S2T1 
3.81d-f 

S2T2 
3.90 

S2T3 
4.00b 

S2T4 
4.11a 

S3T1 
3.57g 

S3T2 
3.78ef 

S3T3 
3.88cd 

S3T4 
3.98bc 

T×D T1 D 1 
3.64 

T1 D 2 
3.77d 

T2 D 1 
3.78d 

T2 D 2 
3.91c 

T3 D 1 
3.89c 

T3 D 2 
4.01ab 

T4 D 1 
3.95bc 

T4 D 2 
4.07a 

T × A T1C 
4.00de 

T1G 
3.37j 

T1FM 
3.45ij 

T1M 
3.99e 

T2C 
4.15c 

T2G 
3.53hi 

T2FM 
3.59gh 

T2M 
4.11cd 

T3C 
4.31ab 

T3G 
3.58gh 

T3FM 
3.71f 

T3M 
4.20bc 

T4C 
4.37a 

T4G 
3.68fg 

T4FM 
3.79f 

T4M 
4.21bc 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
D = Depth, D1 = first Depth, subscript indicates depth number, LS (S1) = Loamy sand, SiCL (S2) = Silty clay loam, SCL (S3) = Sandy    clay loam, C = Control, G = Gypsum @ 
100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Soils = 0.04, Treatment = 0.08, Amendment = 0.04, Depth = 0.02*, S × D = 0.06*, S × T = 0.08*, T × D = 0.08*, T × A = 0.10*.  
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Appendix 15.  Effect of gypsum, farm manure, mulch and water quality on volume (mL) of leachate obtained during rice crop.  

Amendment 
 

Leach # 
 

Treatment Mean
T1 T2 T3 

 
 
C 

1 787 807 814 803
2 590 610 623 608
3 585 605 618 603
4 513 533 546 531
Mean 618 638 650

 
 
G  

1 1231 1248 1251 1244
2 936 988 1084 1002
3 809 826 829 822
4 779 796 799 792
Mean 938 964 991

 
FM 
 

1 1005 1028 104 1025
2 811 834 847 830
3 747 770 783 767
4 617 640 653 637
Mean 795 818 831

M 

1 848 868 882 866
2 693 713 726 710
3 608 628 632 623
4 520 540 553 538
Mean 667 687 698

MEAN 
Treatment  (T) T1 755c T2 777b T3 793a
Leachate  (L) L1 984a L2 788b L3 703c L4 624d
Amendment  (A) C  636d G  964a FM  814b M  684c

Interactions 

T×A 
T1C 
618i 

T1G 
938b 

T1FM 
795d

T1M 
667fg

T2C 
638hi

T2G 
964ab

T2FM 
818cd

T2M 
687ef

T3C 
650gh

T3G 
991a

T3FM 
831c

T3M 
698e 

T×L 
T1L1 

968b 
T1L2 

757e 
T1L3 

687g
T1L4 

607i
T2L1 

988ab
T2L2 

786d
T2L3 

707fg
T2L4 

627hi
T3L1 

997a
T3L2 

820c
T3L3 

715f
T3L4 

638h 

L×A 
L1C 
803de 

L1G 
1244a 

L1FM 
1025b

L1M 
866c

L2C 
608hi

L2G 
1002b

L2FM 
830d

L2M 
710g

L3C 
603i 

L3G 
822de

L3FM 
767f

L3M 
623hi

L4C 
531j

L4G 
792ef

L4FM 
637h

L4M 
538j 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
 L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
  LSD: Treatments =13.97*, Leachates =16.13 *, Amendments =16.13*, T×A = 27.94*, T×L = 27.94*, L×A = 32.26*. 
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Appendix  16. Effect of gypsum, farm manure, mulch and water quality on leaching fraction during rice crop.  
Amendment Leach # Treatment Mean

T1  T2 T3

 
 
C 

1 0.26 0.26 0.26 0.26
2 0 19 0 20 0 20 0 20
3 0.19 0.20 0.20 0.19
4 0.17 0.17 0.18 0.17
Mean 0.20 0.20 0.21  

 
 
G  

1 0.40 0.41 0.41 0.41
2 0.31 0.32 0.35 0.33
3 0.26 0.27 0.27 0.27
4 0.25 0.26 0.26 0.26
Mean 0.30 0.32 0.32

 
FM 
 

1 0.33 0.34 0.34 0.34
2 0.27 0.27 0.27 0.27
3 0.24 0.25 0.25 0.25
4 0.20 0.21 0.21 0.21
Mean 0.26 0.27 0.27

M 

1 0.27 0.28 0.29 0.28
2 0.22 0.23 0.23 0.23
3 0.19 0.21 0.20 0.20
4 0.17 0.17 0.18 0.17
Mean 0.22 0.22 0.23

MEAN 
Treatment (T) T1 0.24c T2 0.25b T3 0.26a
Leachate (L) L1 0.32a L2 0.26b L3 0.23c L4 0.20d
Amendment (A) C  0.20d G  0.32a FM  0.27b M 0.22c

Interactions 

T×A 
T1C 
0.20h 

T1G 
0.30b 

T1FM 
0.26d

T1M 
0.22fg

T2C 
0.20gh

T2G 
0.32ab

T2FM 
0.27cd 

T2M 
0.22ef

T3C 
0.21g

T3G 
0.32a

T3FM 
0.27c

T3M 
0.23e 

T×L 
T1L1 

0.32b 
T1L2 

0.25d 
T1L3 

0.22e
T1L4 

0.19g
T2L1 

0.32ab
T2L2 

0.25d
T2L3 

0.23e 
T2L4 

0.20fg
T3L1 

0.33a
T3L2 

0.27c
T3L3 

0.23e
T3L4 

0.20f 

L×A 
L1C 
0.26de 

L1G 
0.41a 

L1FM 
0.34b 

L1M 
0.28c

L2C 
0.20hi

L2G 
0.33b

L2FM 
0.27d

L2M 
0.23g

L3C 
0.19i 

L3G 
0.27de

L3FM 
0.25f

L3M 
0.20hi

L4C 
0.17j

L4G 
0.26ef

L4FM 
0.21h

L4M 
0.17j 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatment = 4.6 × 10-3*, Leachate = 5.31 × 10-3 *, Amendment = 5.31 × 10-3*, 9.4*, T× A = 9.20 × 10-3*, T × L = 9.20 × 10-3*, L ×A = 0.01*, T×A×L= 0.018*. 
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Appendix 17. Effect of gypsum, farm manure, mulch and water quality on salt removal (mg leachate-1) during rice crop.   

Amendment 
 

Leach # 
 

Treatment Mean 
 T1  T2  T3  

 
 
C 

1 948 1977 2277 1734
2 908 1698 1954 1520
3 987 1314 1640 1314
4 715 1071 1038 941 
Mean 889 1514i 1727

G 

1 9603 10983 11335 10640
2 5960 7536 7985 7160
3 5065 5857 5985 5636
4 3356 4089 4207 3884
Mean 5996 7116 7377

 
FM 
 

1 5209 5894 6827 5976
2 3412 4655 4029 4032
3 2946 3267 3560 3257
4 2065 2333 2579 2325
Mean 3407 4037 4248

M 

1 1556 2673 3022 2417
2 1105 1306 1974 1461
3 1055 1159 1261 1158
4 784 1486 1716 1329
Mean 1125 1655 1993

MEAN 
Treatment T1 T2 T3

Leachate L1 L2 L3 L4

Amendment C G FM M
Interactions 

T×A 
T1C 
889k 

T1G 
5996c 

T1FM 
3407f

T1M 
1125j

T2C 
1514i

T2G 
7116b

T2FM 
4037e 

T2M 
1655h

T3C 
1727h

T3G 
7377a

T3FM 
4248d

T3M 
1993g 

T×L 
T1L1 

4329c 
T1L2 

2846g 
T1L3 

2513h
T1L4 

1729k
T2L1 

5381b
T2L2 

3798e
T2L3 

2899g 
T2L4 

2244j
T3L1 

5865a
T3L2 

3985d
T3L3 

3111f
T3L4 

2385i 

L×A 
L1C 
1734i 

L1G 
10640a 

L1FM 
5976c 

L1M 
2417h 

L2C 
1520j 

L2G 
7160b 

L2FM 
4032e 

L2M 
1461j 

L3C 
1314k 

L3G 
5636d 

L3FM 
3257g 

L3M 
1158l 

L4C 
941m 

L4G 
3884f 

L4FM 
2325h 

L4M 
1329k 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatment = 54.07*, Leachate = 62.44*, Amendment = 62.44, T×A = 108.15, T×L = 108.15*, L×A = 124.88.  
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Appendix 18. Effect of gypsum, farm manure, mulch and water quality on salt removal (kg ha-1) during rice crop.   

Amendment Leach # Treatment Mean
T1 T2 T3

C 

1 189 395 455 347
2 181 339 390 304
3 197 263 328 263
4 143 214 207 188
Mean 178 303 345

G 

1 1920 2196 2267 2128
2 1192 1507 1597 1432
3 1013 1171 1197 1127
4 671 817 841 777
Mean 1199 1423 1476

 
FM 
 

1 1041 1179 1365 1195
2 682 931 806 806
3 589 653 712 651
4 327 423 473 408
Mean 660 796 839

M 

1 311 534 604 483
2 220 261 395 292
3 211 231 252 231
4 231 334 379 315
Mean 244 340 408

MEAN 
Treatment (T) T1 570c T2 716b T3 767a
Leachate (L) L1 1038a L2 708b L3 568c L4 422d
Amendment (A) C  275d G  1366a FM  765b M  330c

Interactions 

T×A 
T1C 
178k 

T1G 
1199c 

T1FM 
660f

T1M 
244j

T2C 
303i

T2G 
1423b

T2FM 
796e 

T2M 
340h

T3C 
345h

T3G 
1476a

T3FM 
839d

T3M 
408g 

T×L 
T1L1 

866c 
T1L2 

569g 
T1L3 

503h
T1L4 

343j
T2L1 

1076b
T2L2 

759e
T2L3 

579g 
T2L4 

447i
T3L1 

1173a
T3L2 

797d
T3L3 

622f
T3L4 

476hi 

L×A 
L1C 
347i 

L1G 
2128a 

L1FM 
1195c

L1M 
483g

L2C 
304j

L2G 
1432b

L2FM 
806e

L2M 
292jk

L3C 
263kl 

L3G 
1127d

L3FM 
651f

L3M 
231l

L4C 
188m

L4G 
777e

L4FM 
408h

L4M 
315ij 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatment = 16.49*, Leachate = 19.04 *, Amendment = 10.04*,  T×A = 32.98* , T×L = 32.98*,  L×A = 38.09*, T×A×L= 65.97. 
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Appendix 19.  Effect of gypsum, farm manure, mulch and water quality on volume (mL) obtained during sorghum crop.  
Amendment Leach # Treatment Mean

T1  T2 T3

 
 
C 

1 866 886 900 884
2 811 831 844 829F
3 668 688 701y 686
4 638. 658 671 656
Mean 746 766 779

 
G 
 

1 970 993 1006 990
2 915 938 951 935
3 772 795 808 792
4 742 765 778 762
Mean 850 873 885

 
 
FM  

1 1032 1049 1052 1045
2 977 994 997 989
3 834 851 854 847
4 804 821 824 817
Mean 912 929 932

M 

1 873 893 907 891
2 818 838 851 836
3 675 695 708 693
4 645 665 678 663
Mean 753 773 786

MEAN 
Treatment (T) T1 815b T2 835a T3 846a
Leachate (L) L1 953a L2 897b L3 754c L4 724d
Amendment (A) C 764c G 870b FM 924a M 771c

Interactions 

T×A 
T1C 
746g 

T1G 
850d 

T1FM 
912ab

T1M 
753fg

T2C 
766e-g

T2G 
873cd

T2FM 
929a 

T2M 
773e-g

T3C 
779ef

T3G 
885bc

T3FM 
932a

T3M 
786e 

T×L 
T1L1 

936ab 
T1L2 

880c 
T1L3 

737d-f
T1L4 

727ef
T2L1 

956a
T2L2 

900c
T2L3 

756de 
T2L4 

757f
T3L1 

966a
T3L2 

911bc
T3L3 

768e
T3L4 

738d-f 

L×A 
L1C 
884d 

L1G 
990b 

L1FM 
1045a 

L1M 
891d

L2C 
829ef

L2G 
935c

L2FM 
989b

L2M 
836e

L3C 
686h 

L3G 
792fg

L3FM 
847e

L3M 
693h

L4C 
656h

L4G 
762g

L4FM 
817ef

L4M 
663h 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments = 16.4*, Leachates = 18.8 *, Amendments = 18.8*, T×A = 32.8*, T×L = 32.8*, L×A = 37.8*, A×T×L =65.7*. 
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Appendix 20. Effect of gypsum, farm manure, mulch and water quality on leaching fraction during sorghum crop.  

Amendment Leach # Treatment Mean
T1  T2 T3

 
 
C 

1 0.28 0.29 0.29 0.29
2 0.27 0.27 0.28 0.27
3 0.22 0.23 0.23 0.22
4 0.21 0.21 0.22 0.23
Mean 0.24 0.25 0.26

 
G 
 

1 0.32 0.33 0.33 0.32
2 0.30 0.31 0.31 0.30
3 0.25 0.26 0.26 0.26
4 0.24 0.25 0.26 0.21
Mean 0.28 0.29 0.29

 
 
FM  

1 0.34 0.34 0.34 0.34
2 0.32 0.32 0.32 0.32
3 0.27 0.28 0.28 0.28
4 0.26 0.27 0.27 0.25
Mean 0.29 0.30 0.30

M 

1 0.29 0.29 0.30 0.29
2 0.27 0.27 0.28 0.27
3 0.22 0.23 0.23 0.28
4 0.21 0.22 0.22 0.27
Mean 0.24 0.25 0.26

MEAN 
Treatment (T) T1 0.26b T2 0.27a T3 0.28a
Leachate (L) L1 0.31a L2 0.29b L3 0.25c L4 0.24d
Amendment (A) C 0.25c G 0.28b FM 0.30a M 0.25c

Interactions 

T×A 
T1C 
0.24g 

T1G 
0.28d 

T1FM 
0.29ab 

T1M 
0.24fg 

T2C 
0.25e-g 

T2G 
0.29cd 

T2FM 
0.30a 

T2M 
0.25e-g 

T3C 
0.26ef 

T3G 
0.29bc 

T3FM 
0.30a 

T3M 
0.26e 

T×L 
T1L1 

0.30bc 
T1L2 

0.29e 
T1L3 

0.24gh 
T1L4 

0.23h 
T2L1 

0.31ab 
T2L2 

0.29de 
T2L3 

0.25f 
T2L4 

0.24gh 
T3L1 

0.32a 
T3L2 

0.29cd 
T3L3 

0.25f 
T3L4 

0.24fg 

L×A 
L1C 
0.29d 

L1G 
0.32b 

L1FM 
0.34a 

L1M 
0.29d 

L2C 
0.27 

L2G 
0.30c 

L2FM 
0.32b 

L2M 
0.27e 

L3C 
0.22hi 

L3G 
0.26fg 

L3FM 
0.28e 

L3M 
0.23h 

L4C 
0.21j 

L4G 
0.25g 

L4FM 
0.27ef 

L4M 
0.21ij 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments = 4.68 × 10-3*, Leachates = 5.36 × 10-3*, Amendments =5.36 × 10-3*, T×A = 9.29 × 10-3*,T×L =9.29 × 10-3*, L×A = 5.40 × 10-3*, A×T×L= 9.36 × 10-3*. 
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Appendix 21. Effect of gypsum, farm manure, mulch and water quality on salt removal (mg leachate-1) during sorghum crop.   

Amendment 
 

Leach # 
 

Treatment Mean 
 T1  T2 T3 

 
 
C 

1 637 1755 2095 1496 
2 964 2022 2349 1779 
3 814 1172 1531 1173
4 590 1014 962. 856 
Mean 752 1491 1735

 
G 
 

1 4572 5228 6126 5309 
2 3482 4086 4927 4165 
3 3545 4307 4480 4111
4 2851 3570 3730 3384 
Mean 3613 4298 4816

 
 
FM 

1 6159 7309 7604 7024 
2 4943 6022 6299 5755 
3 3644 3975 4249 3957 
4 2910 3219 3482 3204 
Mean 4414 5132 5409

M 

1 1037 2172 2521 1910 
2 1305 1536 2315 1719 
3 1071 1186 1288 1182 
4 671. 1519 1787 1326 
Mean 1021 1604 1978

MEAN 
Treatment (T) T1 2450C T2 3131B T3 3485A 
Leachate (L) L1 3935a L2 3354b L3 2606c L4 2193d 
Amendment (A) C 1326b G 4242b FM 4985a M 1534c 

Interactions 

T×A T1C 
752l 

T1G 
3613f 

T1FM 
4414d

T1M 
1021k

T2C 
1491j

T2G 
4298e

T2FM 
5132b 

T2M 
1604i

T3C 
1735h

T3G 
4816c

T3FM 
5409a

T3M 
1978b 

T×L 
T1L1 

3102e 
T1L2 

2674g 
T1L3 

2269i 
T1L4 

1756a 
T2L1 

4116b 
T2L2 

3417d 
T2L3 

2660g 
T2L4 

2331i 
T3L1 

4587a 
T3L2 

3973c 
T3L3 

2888f 
T3L4 

2491h 

L×A 
L1C 
1496j 

L1G 
5309c 

L1FM 
7024a 

L1M 
1910h 

L2C 
1779i 

L2G 
4165d 

L2FM 
5755b 

L2M 
1719i 

L3C 
1173l 

L3G 
4111d 

L3FM 
3957e 

L3M 
1182l 

L4C 
856m 

L4G 
3384f 

L4FM 
3204g 

L4M 
1326k 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments = 50*, Leachates = 48 *, Amendments = 48*, T×A =  102*, T×L = 102*, L×A = 116*. 
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Appendix 22. Effect of gypsum, farm manure, mulch and water quality on salt removal (kg ha-1) during sorghum crop.    

Amendment Leach # Treatment Mean
T1  T2 T3  

 
 
C 

1 127 351 419 299
2 193 404 470 356
3 163 235 306 234 
4 118 203 193 171 
Mean 150 298 347 

 
G 
 

1 915 1045 1225 1062
2 697 817 985 833 
3 709 861 896 822
4 570 714 746 677
Mean 723 859 963 

 
 
FM 

1 1232 1462 1521 1404
2 988 1205 1260 1151
3 729 795 849 791
4 582 644 697 641
Mean 883 1026 1082 

M 

1 208 434 504 382
2 261 307 463 344
3 214 237 258 236
4 134 304 358 265
Mean 204 320 396 

MEAN 
Treatment (T) T1 490c T2 626b T3 697a
Leachate (L) L1 781a L2 670b L3 521c L4 438d
Amendment (A) C 265d G 848b FM 997a M 306b

Interactions 

T×A 
T1C 
150l 

T1G 
723f 

T1FM 
883d

T1M 
204k

T2C 
298j

T2G 
859e

T2FM 
1026b 

T2M 
320i

T3C 
347h

T3G 
963c

T3FM 
1082a

T3M 
396g 

T×L 
T1L1 

620e 
T1L2 

535g 
T1L3 

456i
T1L4 

351j
T2L1 

823b
T2L2 

683d
T2L3 

532g 
T2L4 

466i
T3L1 

917a
T3L2 

794c
T3L3 

577f
T3L4 

498h 

L×A 
L1C 
299j 

L1G 
1062c 

L1FM 
1404a 

L1M 
382h

L2C 
356i

L2G 
833d

L2FM 
1151b

L2M 
344i

L3C 
234l 

L3G 
822d

L3FM 
791e

L3M 
236l

L4C 
171m

L4G 
677f

L4FM 
641g

L4M 
265k 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatment = 9.76, Leachate = 11.25*, Amendment =11.25*, T×A = 22.54*, T×L = 19.52*, L×A =22.54*,T×A×L = 39.05*. 
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Appendix 23. Effect of gypsum, farm manure, mulch and water quality on volume (mL) obtained during wheat crop.  

Amendment 
 

Leach # 
 

Treatment Mean
 T1  T2 T3 

 
 
C 

1 707 727 741 725
2 722 742 756 740
3 644 664 677 662
4 617 637 651 635
Mean 673 693 706

G 

1 811 834 847 831
2 826 849 862. 846
3 748 771 784 768 
4 722 744 757 741
Mean 777 799 813

 
 
FM 

1 873 890 893 886
2 888 905 908 900
3 810 827 830 822
4 783 801 804 796
Mean 884 856 859

M 

1 714i 734 748 732
2 729 749 763 747
3 651 671 684 669
4 624 644 658 642
Mean 680 699 713

MEAN 
Treatment (T) T1 742 T2 762 T3 773
Leachate (L) L1 794a L2 803a L3 730b L4 704b
Amendment (A) C 691c G 797b FM 851a M 698c

Interactions 

T×A 
T1C 
673d 

T1G 
777a-c 

T1FM 
884a

T1M 
680b

T2C 
693cd

T2G 
799ab

T2FM 
856a 

T2M 
699cd

T3C 
706cd

T3G 
813a

T3FM 
859a

T3M 
713b-d 

T×L 
T1L1 

777a-d 
T1L2 

792a-d 
T1L3 

713c-e
T1L4 

687e
T2L1 

797a-c
T2L2 

812ab
T2L3 

733b-e 
T2L4 

707de
T3L1 

802ab
T3L2 

822a
T3L3 

744a-e
T3L4 

718c-e 

L×A 
L1C 
725e-i 

L1G 
831a-d 

L1FM 
886ab 

L1M 
732d-i 

L2C 
740d-h 

L2G 
846a-c 

L2FM 
900a 

L2M 
747c-j 

L3C 
662g-i 

L3G 
768c-f 

L3FM 
822a-e 

L3M 
669f-i 

L4C 
635i 

L4G 
741d-h 

L4FM 
796b-e 

L4M 
642hi 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =44*, Leachates = 50 *, Amendments = 50*, T×A = 88*, T×L =88*, L×A = 102*. 
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Appendix 24. Effect of gypsum, farm manure, mulch and water quality on leaching fraction during wheat crop.  

Amendment 
 

Leach # 
 

Treatment Mean 
 T1  T2 T3  

 
 
C 

1 0.23 0.24 0.24 0.24
2 0.24 0.24 0.24 0.24
3 0.21 0.22 0.22 0.22
4 0.20 0.21 0.21 0.20
Mean 0.22 0.23 0.23

G 

1 0.26 0.27 0.27 0.27
2 0.27 0.27 0.28 0.27
3 0.24 0.25 0.26 0.25
4 0.23 0.24 0.25 0.24
Mean 0.25 0.26 0.27

 
 
FM 

1 0.28 0.29 0.29 0.29
2 0.29 0.29 0.30 0.,25
3 0.26 0.27 0.27 0.26
4 0.25 0.26 0.26 0.26
Mean 0.27 0.28 0.28

M 

1 0.23 0.24 0.24 0.24
2 0.24 0.24 0.25 0.29
3 0.21 0.22 0.22 0.22
4 0.20 0.21 0.21 0.21
Mean 0.22 0.23 0.23  

MEAN 
Treatment (T) T1 0.24b T2 0.25a T3 0.25a
Leachate (L) L1 0.25b L2 0.26a L3 0.24c L4 0.23d
Amendment (A) C 0.22c G 0.26b FM 0.28a M 0.23c

Interactions 

T×A 
T1C 
0.22g 

T1G 
0.25d 

T1FM 
0.27ab 

T1M 
0.22fg 

T2C 
0.23ef 

T2G 
0.26cd 

T2FM 
0.28a 

T2M 
0.23ef 

T3C 
0.23ef 

T3G 
0.27bc 

T3FM 
0.28a 

T3M 
0.23e 

T×L 
T1L1 

0.25c 
T1L2 

0.26b 
T1L3 

0.23e 
T1L4 

0.22f 
T2L1 

0.26b 
T2L2 

0.26ab 
T2L3 

0.24de 
T2L4 

0.23e 
T3L1 

0.26ab 
T3L2 

0.27a 
T3L3 

0.24d 
T3L4 

0.23e 

L×A 
L1C 
0.24f 

L1G 
0.27b 

L1FM 
0.29a 

L1M 
0.24f 

L2C 
0.24ef 

L2G 
0.27b 

L2FM 
0.29a 

L2M 
0.25ef 

L3C 
0.24 

L3G 
0.25de 

L3FM 
0.26bc 

L3M 
0.22g 

L4C 
0.20h 

L4G 
0.24ef 

L4FM 
0.26cd 

L4M 
0.21gh 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatment =3.96 × 10-3*, Leachate =4.57× 10-3 *, Amendment = 4.57× 10-3*, T× A = 7.92 × 10-3*, T×L = 7.92 × 10-3*, L×A = 9.15× 10-3**, A× T×L= 0.02*. 
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Appendix 25. Effect of gypsum, farm manure, mulch and water quality on salt removal (mg leachate-1) during wheat crop. 
Amendment 
 

Leach # 
 

Treatment Mean 
 T1  T2 T3  

C 

1 842 1613 1930 1462 
2 793 1601i 1787 1394 
3 697 1272 1475 1148 
4 788 1333 1535 1219 
Mean 780  1455 1682  

 
G  

1 3677 4308 4902 4296 
2 3555 4193 4783 4177 
3 3421 4076 4462 3986 
4 3048 3682 4045 3592 
Mean 3426 4065 4599  

 
FM 
 

1 4672 5484 5736 5298 
2 4536 5336 5594 5155 
3 3996 4528 4805 4443 
4 3575 4114 4356 4015 
Mean 4195 4866 5123  

M 

1 1135 1592 1970 1566 
2 1055 1767 2202 1675 
3 921 1545 1761 1409 
4 993 1333 1675 1334 
Mean 1027 1560 1903  

MEAN 
Treatment (T) T1 2357b T2 2986a T3 3314a 
Leachate (L) L1 3156a L2 3100a L3 2747ab L4 2540b
Amendment (A) C 1306c G 4013b FM 4728a M 1496c 

Interactions 

T×A T1C 
780g

T1G 
3426d

T1FM 
4195b-

T1M 
1027f-

T2C 
1455e-g

T2G 
4065cd

T2FM 
4866ab

T2M 
1560e-

T3C 
1682ef

T3G 
4599a-

T3FM 
5123a

T3M 
1903e

T×L 
T1L1 

2582b-
d 

T1L2 

2485b-d 
T1L3 

2259cd 
T1L4 

2101d 
T2L1 

3249ab 
T2L2 

3225ab
T2L3 

2856a-
d 

T2l4 

2616b-
d 

T3L1 

3635a 
T3L2 

3592a 
T3L3 

3126ab 
T3L4 

2903a-
c 

L×A 
L1C 
1462d 

L1G 
4296bc 

L1FM 
5298a 

L1M 
1566d 

L2C 
1394d 

L2G 
4177c

L2FM 
5155ab 

L2M 
1675d 

L3C 
1148d 

L3G 
3986c 

L3FM 
4443a-

L3M 
1409d

L4C 
1219d 

L4G 
3592c

L4FM 
4015c

L4M 
1334d 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments = 196*, Leachates = 227 *, Amendments = 227*, T×A = 393*, T×L = 393*, L×A = 453*, A× T×L= 32.74*. 
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Appendix 26. Effect of gypsum, farm manure, mulch and water quality on salt removal (kg ha-1) during wheat crop. 

Amendment 
 

Leach # 
 

Treatment Mean
 T1  T2 T3

C 

1 168 322 386 292 
2 158 320 357 278 
3 139 254 295 229 
4 157 266 307 244 
Mean 156 291 336  

 
G  

1 735 861 980 859 
2 711 838 957 835 
3 684 815 892 797 
4 609 736 809 718 
Mean 685 813 910  

 
FM 
 

1 934 1097 1147 1059 
2 907 1067 1119 1031 
3 799 905 961 888 
4 715 823 871 803 
Mean 839 973 1025  

M 

1 227 318 394 313 
2 211 353 440 335 
3 184 309 352 282 
4 198 266 335 266 
Mean 205 311 389  

MEAN 
Treatment (T) T1 471c T2 597b T3 662a
Leachate (L) L1 631a L2 620a L3 549b L4 508b 
Amendment (A) C 261c G 803b FM 946a M 299c 

Interactions 

T×A 
T1C 
156g 

T1G 
685d 

T1FM 
839c 

T1M 
205fg 

T2C 
291ef 

T2G 
813c 

T2FM 
973ab 

T2M 
311e 

T3C 
336e 

T3G 
910bc 

T3FM 
1025a 

T3M 
380e 

T×L 
T1L1 

516de 
T1L2 

497de 
T1L3 

452e 
T1L4 

420e 
T2L1 

649ab 
T2L2 

644ab 
T2L3 

571b-d 
T2L4 

523c-e 
T3L1 

727a 
T3L2 

718a 
T3L3 

625a-c 
T3L4 

580b-d 

L×A L1C 
292d 

L1G 
859b 

L1FM 
1059a 

L1M 
313d

L2C 
278d

L2G 
835bc

L2FM 
1031a

L2M 
335d

L3C 
229d 

L3G 
797bc

L3FM 
888b

L3M 
282d

L4C 
244d

L4G 
718c

L4FM 
803bc

L4M 
266d 

 Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
 L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM= Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
 LSD: Treatments = 10.2*, Leachates = 11.78 *, Amendments = 11.78*, T×A = 20.4*, T×L = 20.4*, L×A = 23.56*, A×T×L= 40.81*. 
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Appendix 27. Effect of gypsum, farm manure, mulch and water quality on volume (mL) obtained during oat crop.  

Amendment Leach # Treatment Mean
T1  T2 T3

 
 
C 

1 732 752 766 750 
2 747 767 781 660 
3 669 689 702 687 
4 642 662 676 687 
Mean 697 718 731  

 
 
G 
 
 

1 836 859 872 856 
2 851 874 887 871 
3 773 796 809 793 
4 747 769 782 766 
Mean 802 825 838  

 
 
FM 

1 898 915 918 911 
2 913 930 933 926 
3 835 852 855 847 
4 808 826 829 821 
Mean 864 881 884  

M 

1 739 759 773 757 
2 754 774 788 772 
3 676 696 709 693 
4 649 669 683 667 
Mean 705 725 738  

MEAN 

Treatment (T) T1 798 T2 787 T3 767 

Leachate (L) L1 818a L2 834a L3 755b L4 729b 

Amendment (A) C 716c G 822b FM 876a M 722c 

Interactions 

T×A T1C 
697d 

T1G 
802ab 

T1FM 
864a

T1M 
705d

T2C 
718cd

T2G 
825ab

T2FM 
881a

T2M 
725cd

T3C 
731cd

T3G 
838a

T3FM 
884a

T3M 
738b-d 

T×L 
T1L1 

802a-d 
T1L2 

817a-d 
T1L3 

738c-e 
T1L4 

712e 
T2L1 

822a-c 
T2L2 

837b 
T2L3 

758b-e 
T2L4 

732de 
T3L1 

832ab 
T3L2 

847a 
T3L3 

769a-e 
T3L4 

743c-e 

L×A L1C 
750e-i 

L1G 
856a-d 

L1FM 
911ab 

L1M 
757d-e

L2C 
660i

L2G 
871a-c

L2FM 
926a

L2M 
772c-e

L3C 
687g-i 

L3G 
793c-f

L3FM 
847a-e

L3M 
693f-i

L4C 
687g-i

L4G 
766d-h

L4FM 
821b-e

L4M 
667hi 

 Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
 L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
  LSD: Treatments =44*, Leachates = 50.8*, Amendments = 50.8*, T×A = 88*, T×L = 88*, L×A = 106.16*, A×T×L= 196*. 
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ppendix 28. Effect of gypsum, farm manure, mulch and water quality on leaching fraction during oat crop.  
Amendment 
 

Leach # 
 

Treatment Mean 
 T1  T2 T3  

 
 
C 

1 0.19 0.20 0.21 0.20 
2 0.17 0.18 0.18 0.17 
3 0.15 0.16 0.16 0.16 
4 0.14 0.14 0.15 0.14 
Mean 0.16 0.17 0.17  

G 

1 0.36 0.38 0.38 0.37 
2 0.32 0.33 0.33 0.32 
3 0.29 0.29 0.29 0.29 
4 0.27 0.27 0.28 0.27 
Mean 0.31 0.32 0.32  

 
 
FM 

1 0.25 0.26 0.26 0.25 
2 0.25 0.25 0.25 0.25 
3 0.21 0.21 0.21 0.21 
4 0.19 0.19 0.20 0.19 
Mean 0.22 0.23 0.23  

M 

1 0.19 0.20 0.21 0.20 
2 0.17 0.18 0.18 0.18 
3 0.13 0.14 0.14 0.14 
4 0.12 0.12 0.13 0.12 
Mean 0.15 0.16 0.16E  

MEAN 
Treatment (T) T1 0.21b T2 0.22a T3 0.22a
Leachate (L) L1 0.26a L2 0.23b L3 0.20c L4 0.18d 
Amendment (A) C 0.17c G 0.32a FM 0.22b M 0.16d 

Interactions 

T×A 
T1C 
0.16ef 

T1G 
0.31b 

T1FM 
0.22c

T1M 
0.15f

T2C 
0.17de

T2G 
0.32ab

T2FM 
0.23c 

T2M 
0.16ef

T3C 
0.17d

T3G 
0.32a

T3FM 
0.23c

T3M 
0.16de 

T×L T1L1 

0.25b 
T1L2 

0.23c 
T1L3 

0.19de
T1L4 

0.18f
T2L1 

0.26ab
T2L2 

0.23c
T2L3 

0.20de 
T2L4 

0.18f
T3L1 

0.26a
T3L2 

0.23c
T3L3 

0.20d
T3L4 

0.19ef 

L×A 
L1C 
0.20fg 

L1G 
0.37a 

L1FM 
0.25e 

L1M 
0.20fg 

L2C 
0.17h 

L2G 
0.32b 

L2FM 
0.25e 

L2M 
0.18h 

L3C 
0.16i 

L3G 
0.29c 

L3FM 
0.21f 

L3M 
0.14j 

L4C 
0.14j 

L4G 
0.27d 

L4FM 
0.19g 

L4M 
0.12k 

 Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
 L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
 LSD: Treatment =5.09× 10-3*, Leachate =5.88 × 10-3*, Amendment = 5.88× 10-3*, T×A = 5.13 × 10-3*, T×L = 5.13 × 10-3*, L×A = 0.01*,  A×T×L= 0.02*. 
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Appendix 29. Effect of gypsum, farm manure, mulch and water quality on salt removal (mg leachate-1) during oat crop. 
Amendment 
 

Leach # 
 

Treatment Mean 
 T1  T2  T3  

C 

1 529 1316 1637 1161
2 471 1296 1479 1082
3 412 996 1199 869
4 519 1074 1276 957
Mean 483 1171 1398 

 
G 
 

1 3399 4035 4638 4024
2 3264 3906 4506 1082
3 3172 3835 4224 3744
4 2804 3446 3812 3355
Mean 3160 3806 4295 

 
FM 
 

1 4384 5207 5465 5019
2 4234 5045 5309 4863
3 3725 4262 4545 4178
4 3309 3854 4101 3755
Mean 3914 4592 4855 

M 

1 830 1290 1673 1265
2 739 1464 1905 1369
3 641 1277 1493 1137
4 729 1072 1419 1074
Mean 735F 1276 1623 

MEAN 
Treatment (T) T1 2073b T2 2711a T3 3043a
Leachate (L) L1 2867a L2 2802a L3 2482ab L4 2285b
Amendment (A) C 1017c G 3757b FM 4454a M 1211c

Interactions 

T×A 
T1C 
483g 

T1G 
3160d 

T1FM 
3914b-

T1M 
735fg

T2C 
1171e-g

T2G 
3806cd

T2FM 
4592ab 

T2M 
1276ef

T3C 
1398ef

T3G 
4295a-

T3FM 
4855a

T3M 
1623e 

T×L 
T1L1 

2286b-
T1L2 

2177c-e 
T1L3 

1988de
T1L4 

1841e
T2L1 

2962ab
T2L2 

2928a-
T2L3 

2593a-
T2L4 

2362b-
T3L1 

3354a
T3L2 

3300a
T3L3 

2866a-c
T3L4 

2653a-

L×A 
L1C 
1161d 

L1G 
4024bc 

L1FM 
5019a 

L1M 
1265d

L2C 
1082d

L2G 
1082d

L2FM 
4863ab

L2M 
1369d

L3C 
869d 

L3G 
3744c

L3FM 
4178a-

L3M 
1137d

L4C 
957d

L4G 
3355c

L4FM 
3755c

L4M 
1074d 

 Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
 L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
 LSD: Treatments = 263.9*, Leachates = 304.7*, Amendments = 304.7`*, T×A = 527.89*, T×L = 527.8*, L×A = 609.5*, A×T×L= 1055.8*. 
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Appendix 30. Effect of gypsum, farm manure, mulch and water quality on salt removal (kg ha-1) during oat crop. 

Amendment 
 

Leach # 
 

Treatment Mean 
 T1  T2 T3 

C 

1 50 205 254 170 
2 92 230 275 199 
3 84 136 188 136 
4 51 108 101 87 
Mean 69 170 204  

 
G  

1 1281 1468 1671 1473 
2 935 1157 1225 1106 
3 901 1096 1088 1029 
4 580 736 769 696 
Mean 924 1114 1189  

 
FM 
 

1 586 801 773 720 
2 523 620 749 631 
3 474 565 528 522 
4 301 346 385 344 
Mean 471 583 609  

M 

1 105 264 314 228 
2 136 167 271 192 
3 106 121 135 121 
4 53 153 187 131 
Mean 100 176 227  

MEAN 
Treatment (T) T1 391c T2 511b T3 557a 
Leachate (L) L1 648a L2 532b L3 452c L4 314d
Amendment (A) C 148d G 1076 FM 555b M 168c 

Interactions 

T×A 
T1C 
69k 

T1G 
924c 

T1FM 
471f 

T1M 
100j 

T2C 
170i 

T2G 
1114b 

T2FM 
583e 

T2M 
176i 

T3C 
204h 

T3G 
1189a 

T3FM 
609d 

T3M 
227g 

T×L 
T1L1 

505e 
T1L2 

421g 
T1L3 

392h 
T1L4 

247k 
T2L1 

685b 
T2L2 

543d 
T2L3 

479f 
T2L4 

336j 
T3L1 

753a 
T3L2 

630c 
T3L3 

485f 
T3L4 

360i 

L×A L1C 
170k 

L1G 
1473a 

L1FM 
720d 

L1M 
228i

L2C 
199j

L2G 
1106b

L2FM 
631f

L2M 
192jk

L3C 
136l 

L3G 
1029c

L3FM 
522g

L3M 
121l

L4C 
87m

L4G 
696e

L4FM 
344h

L4M 
131l 

Values sharing same letter (s) in mean columns or rows are statistically similar at P <0.05, and * significant at P < 0.05. 
L = leachate, L1 = First leachate, subscript indicates the leachate number, C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments = 10.20, Leachates = 11.78*, Amendments = 111.78*, T×A = 20.4*, T×L = 20.40*, L×A = 23.56*, A×T×L= 207.25*. 
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Appendix 31. Effect of gypsum, farm manure, mulch and water quality on pHs after rice crop. 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 8.88c-e 9.02a-c 8.98b-d 

G 8.74e 8.51fg 8.38g 

FM 9.02a-c 8.79de 8.66ef 

M 9.05a-c 9.19ab 9.22a 

MEAN 

Treatment 
(T) 

T1

8.92a 
T2 
8.88ab  

T3

8.80b 

Amendment 
(A) 

C
8.96b

G
8.54db 

FM
8.82c

M
9.15a

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =0.11*, Amendments = 0.12*, T×A = 0.22*. 
 

Appendix 32. Effect of gypsum, farm manure, mulch and water quality on pHs after sorghum crop. 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 8.58a-c 8.70a 8.68a 

G 8.55a-c 8.63ab 8.70a 

FM 8.31d 8.38cd 8.42b-d 

M 8.56a-c 8.67a 8.71a 

MEAN 

Treatment 
(T) 

T1

8.50b
T 
8.59ab 

T3

8.63a
Amendment 
(A) 

C
8.65a

G
8.63a

FM
8.37b

M
8.65a

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =0.11*, Amendments = 0.12*, T×A = 0.22*. 
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Appendix 33. Effect of gypsum, farm manure, mulch and water quality on pHs after wheat crop. 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 8.38b-d 8.51bc 8.55b 

G 8.07ef 8.13d-f 8.18c-f 

FM 7.972b-e 8.03a 8.1f 

M 8.36b-d 8.48bc 8.52bc 

MEAN 

Treatment 
(T) 

T1

8.28b
T2 
 8.57a

T3

8.33b
Amendment 
(A) 

C
8.48a

G
8.15b 

FM
8.48a

M
8.45a

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05.. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =0.14*, Amendments = 0.16*, T×A = 0.14*. 
 
 

Appendix 34. Effect of gypsum, farm manure, mulch and water quality on pHs after oat crop. 

Amendment T1 (EC 0.6 & SAR 6) T2(EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 8.71a 8.65ab 8.60ab 

G 8.27cd 8.10d 7.80e 

FM 8.56a-c 8.39b-d 8.13d 

M 8.81a 8.64ab 8.69a 

MEAN 

Treatment 
(T) 

T1

8.59a
T2 
8.44ab 

T3 

8.30b
Amendment 
(A) 

C
8.65a

G
8.06c

FM
8.36b

M
8.71a

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =0.14*, Amendments = 0.16*, T×A = 0.29*. 
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Appendix 35. Effect of gypsum, farm manure, mulch and water quality on ECe after rice crop. 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 16.0a 15.3b 14.6d 

G 6.9 h 6.4i 6.0j 

FM 7.5g 7.5g 6.8h 

M 13.2f 14.4e 15.0c 

MEAN 

Treatment 
(T) 

T1

10.9a
T2 
10.9a 

T3 

10.6b
Amendment 
(A) 

C
15.3a

G
6.4d

FM
7.3c

M
14.2b

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
 LSD: Treatments =0.05*, Amendments = 0.06*, T×A = 0.11*. 

 
Appendix 36. Effect of gypsum, farm manure, mulch and water quality on ECe after sorghum crop. 

Amendment T1 (EC 0.6 & SAR 6) T2(EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 17.70d 18.31b 18.99a 

G 9.05i 9.40h 9.93g 

FM 6.81l 7.65j 7.14k 

M 16.28f 17.45e 18.07c 

MEAN 

Treatment 
(T) 

T1

12.47c
T2 
13.20b

T3 

13.53a
Amendment 
(A) 

C
18.35a

G
9.46c

FM
7.20d

M
17.27b

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =0.11*, Amendments = 0.12*, T×A = 0.22*. 
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Appendix 37. Effect of gypsum, farm manure, mulch and water quality on ECe after wheat crop. 
 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 12.85c 13.42b 14.18a 

G 4.16g 4.54f 5.12e 

FM 5.12e 4.76f 3.96g 

M 11.39d 12.56c 13.18b 

MEAN 

Treatment 
(T) 

T1

8.38c
T2 
8.82b 

T3

9.11a
Amendment 
(A) 

C
13.48a

G
4.67c

FM
4.61c

M
12.34b

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =0.14*, Amendments = 0.16*, T×A = 0.29*. 

 
Appendix 38. Effect of gypsum, farm manure, mulch and water quality on ECe after oat crop. 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 12.46c 13.03b 13.79a 

G 5.56g 5.91f 6.10ef 

FM 6.27e 9.57d 9.61d 

M 9.73d 9.79d 9.84d 

MEAN 

Treatment 
(T) 

T1

8.50c
T2 
9.57b 

T3

9.83a
Amendment 
(A) 

C
13.09a

G
5.86d

FM
8.48c

M
9.79b

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =0.14*, Amendments = 0.16*, T×A = 0.29*. 
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Appendix 39. Effect of gypsum, farm manure, mulch and water quality on SAR after rice crop. 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 44.5a 44.7a 48.2a 

G 22.9b 25.4b 27.7b 

FM 22.3b 24.7b 27.2b 

M 40.2 a 43.7a 45.9a 

MEAN 

Treatment 
(T) 

T1

32.5 
T2 
34.6 

T3 

37.3  
Amendment 
(A) 

C
45.8a

G
25.3b

FM
24.8b

M
43.3a

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments = 5.13*, Amendments = 5.92*, T×A = 10.26*. 

 
Appendix 40. Effect of gypsum, farm manure, mulch and water quality on SAR after sorghum crop. 

Amendment T1 (EC 0.6 & SAR 6) T2(EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 46.9a 47.0a 49.9a 

G 25.3b 27.8b 30.3b 

FM 22.5b 25.5b 28.3b 

M 42.6a 46.0a 48.4a 

MEAN 

Treatment 
(T) 

T1

34.34a
T2 
36.59a

T3

39.26a
Amendment 
(A) 

C
47.96a

G
27.83b 

FM
25.45b

M
45.68a

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =5.51*, Amendments = 6.37*, T×A = 11.04*. 
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Appendix 41. Effect of gypsum, farm manure, mulch and water quality on SAR after wheat crop. 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 27.25a 25.77c 25.50c 

G 6.96f 6.38g 6.47g 

FM 4.42i 5.69h 7.62e 

M 25.19d 26.35b 26.18b 

MEAN 

Treatment 
(T) 

T1

15.95b
T2 
16.04b

T3

16.44a
Amendment 
(A) 

C
26.17a

G
6.60c

FM
5.91d

M
25.90b

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =0.07*, Amendments = 0.08*, T×A = 0.17*. 

 
Appendix 42. Effect of gypsum, farm manure, mulch and water quality on SAR after oat crop. 

Amendment T1 (EC 0.6 & SAR 6) T2 (EC 1.0 & SAR 12) T3 (EC 2.0 & SAR 18)

C 23.1d 24.4c 25.0b 

G 7.9j 9.3h 9.2h 

FM 14.2g 14.3g 8.7i 

M 16.6f 19.9e 33.2a 

MEAN 

Treatment 
(T) 

T1

15.45c
T2 
16.9b 

T3

19.0a
Amendment 
(A) 

C
24.18a

G
8.82d

FM
12.43c

M
23.2b

Values sharing same letter(s) in rows are statistically similar at P < 0.05 and * = Significant at P <0.05. 
C = Control, G = Gypsum @ 100% SGR, FM = Farm manure @ 10 t ha-1, M = Mulch @ 10 t ha-1. 
LSD: Treatments =0.07*, Amendments = 0.16, T×A = 0.29*. 
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Appendix 43. Effect of water source and amendments on pHs of soil after the harvest of rice 2009. 
 
Water source 
 

SSW CW SSW−CW Mean 
Initial Post rice Initial Post rice Initial Post rice

Treatment 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30
T0 (C) 8.73 8.82 8.72 8.39ab 8.75 8.79 8.75 9.16a-c 8.81 8.86 8.51 8.95bc 8.66A 9. 07A
T1 (G) 8.78 8.95 8.61 8.89ce 8.90 8.98 8.35 8.87ce 8.76 8.72 8.35 8.74c-e 8.44B 8.83B
T2 (FM) 8.68 8.74 8.61 8.67de 8.82 8.88 8.26 8.63e 8.80 8.84 8.38 8.82c-e 8.42B 8.70B
T3 (M) 8.75 8.79 8.75 9.41a 8.73 8.91 8.65 8.99a-d 8.78 8.85 8.52 8.89c-e 8.64A 9.10A
Mean 8.73NS 8.82NS 8.67NS 9.09A 8.78NS 8.89 NS 8.91NS 8.50AB 8.80NS 8.89NS 8.44B 8.85B
LSD: Depth 0-15 cm: Water = 0.14*, T = 0.04*, W×T = 0.06*; Depth 15-30 cm: W = 0.24*, T = 0.08*, W×T = 0.30*. 

Appendix 44. Effect of water source and amendments on pHs of soil after the harvest of wheat 2009-10. 
 
Water source 
 

SSW CW SSW−CW Mean 
Initial Post wheat Initial Post wheat Initial  Post wheat 

Treatment 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30
T0 (C) 8.73 8.82 8.31 8.59h 8.75 8.79 8.98 8.80ef 8.81 8.86 8.41 8.94cd 8.46A 8.83AB
T1 (G) 8.78 8.95 8.45 8.67g 8.90 8.98 8.26 8.86de 8.76 8.72 8.31 9.029ab 8.20C 8.80B
T2 (FM) 8.68 8.74 8.49 8.65gh 8.82 8.88 8.40 8.95bc 8.80 8.84 8.19 9.08a 8.30B 8.87A
T3 (M) 8.75 8.79 8.43 8.73fg 8.73 8.91 8.55 8.83e 8.78 8.85 8.31 8.86e 8.40A 8.82B
Mean 8.73NS 8.82NS 8.42NS 8.66C 8.78NS 8.89NS 8.30NS 8.86B 8.80NS 8.89NS 8.31B 8.97A
LSD: Depth: Depth 0-15 cm: Water (W) = 0.06*, T = 0.06*, W×T = 0.10*; Depth 15-30 cm: W = 0.04*, T = 0.04*, W×T = 0.08*; 

*Treatment differed significantly at P <0.05,Values in a column sharing same letter(s) are statistically similar at P <0.05, NS, Non significant  
difference among treatments at P <0.05. 
SSW = Saline-sodic water; CW= Canal water. 
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Appendix 45. Effect of water source and amendments on ECe (dS m-1) of soil after the harvest of rice 2009. 
 

Water  
source 

SSW CW SSW−CW Mean 
Initial Post rice Initial Post rice Initial Post rice 

Treatment 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30
T0 (C) 14.77b 15.23a 7.74a 8.94NS 13.22e 13.94b 7.98a 8.37 13.49de 12.18e 6.02cd 8.14 7.25A 8.48A
T1 (G) 15.85a 14.27b 6.61c 7.56 14.98b 15.38a 6.05cd 7.59 14.75b 15.24a 4.87e 7.39 5.84C 7.51C
T2 (FM) 14.06cd 12.84cd 7.08b 7.26 14.58bc 13.26c 6.39c 7.81 13.96g 12.73d 4.67e 7.75 6.04C 7.60B
T3 (M) 12.87e 11.72f 7.41ab 8.77 13.74d 12.73d 7.74a 8.22 12.10f 14.26b 5.73d 8.28 6.96B 8.42A
Mean 14.38A 13.51B 7.21A 8.13NS 14.13A 13.82A 7.04A 7.99NS 9.71B 13.60AB 5.32B 7.89NS

LSD: Depth 0-15 cm: Water (W) = 0.40*, T = 0.18*, W×T = 0.30*; Depth 15-30 cm: W = 0.68*, T = 0.06*, W×T = 0.10*.  
 

 
Appendix 46. Effect of water source and amendments on ECe (dS m-1) of soil after the harvest of wheat 2009-10. 
 
Water 
source 

SSW CW SSW−CW Mean 
Initial Post wheat Initial Post wheat Initial Post wheat 

Treatment 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30
T0 (C) 14.77b 15.23a 5.93bc 7.68cd 13.22e 13.94b 7.17a 8.66a 13.49de 12.18e 4.77de 7.80bd 5.95NS 8.04A
T1 (G) 15.85a 14.27b 6.86a 8.55ab 14.98b 15.38a 6.36ab 8.23ac 14.75b 15.24a 5.36cd 6.41e 6.19 7.73B
T2 (FM) 14.06cd 12.84cd 7.26a 8.79a 14.58bc 13.26c 6.43ab 8.30ac 13.96g 12.73d 4.42e 5.98f 6.04 7.69B
T3 (M) 12.87e 11.72f 5.85bc 7.60cd 13.74d 12.73d 6.97a 8.10ad 12.10f 14.26b 4.72de 7.37d 5.84 7.69B
Mean 14.38A 13.51B 6.47A 8.16A 14.13A 13.82A 6.73A 8.32A 9.71B 13.60AB 4.81B 6.89B
LSD: Depth 0-15 cm: Water (W) = 0.38*, T = 0.46*, W×T = 0.82*; Depth 15-30 cm: W = 0.56*, T = 0.14*, W×T = 0.24*. 
*Treatment differed significantly at P <0.05, Values in a column sharing same letter(s) are statistically similar at P <0.05; NS, Non significant difference  
among treatments at P <0.05. 
SSW = Saline-sodic water; CW= Canal water. 
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Appendix 47. Effect of water source and amendments on SAR (mmol L-1)1/2 of soil after the harvest of rice 2009. 
 

Water  
source 

SSW CW SSW−CW Mean 
Initial Post rice Initial Post rice Initial Post rice

Treatment 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 
T0 (C) 120.2 95.8 35.1 55.1NS 138.7 122.6 34.0 42.5 121.2 92.5 26.9 46.3 32.0A 47.9B 
T1 (G) 145.9 101.3 25.1 47.3 115.4 99.3 25.5 44.4 105.8 98.6 23.0 47.5 24.5C 46.4C 
T2 (FM) 126.7 118.6 38.9 63.2 109.4 100.7 26.6 45.9 118.9 108.7 21.9 50.0 29.1B 53.0A 
T3 (M) 134.1 124.9 39.5 58.0 122.6 97.9 29.6 39.7 141.5 128.8 27.3 43.1 32.1A 46.9C 
Mean 131.6NS 110.1NS 34.65A 55.94A 121.5NS 105.1NS 28.92AB 43.15B 121.8NS 107.1NS 24.80B 46.74B
LSD: Depth 0-15 cm: Water (W) = 5.38*, T = 1.34*, W×T = 2.32*; Depth 15-30 cm: W = 5.08*, T = 0.76*, W×T = 1.32*. 

 
 
Appendix 48.  Effect of water source and amendments on SAR (mmol L-1)1/2 of soil after the harvest of wheat 2009-10. 
 
Water  
source 

SSW CW SSW−CW Mean 
Initial Post wheat Initial Post wheat Initial Post wheat

Treatment 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30 0-15 15-30
T0 (C) 120.2 95.8 25.3NS 40.3NS 138.7 122.6 26.1 43.9 121.2 92.5 25.5 46.5 25.6A 43.6AB 
T1 (G) 145.9 101.3 17.8 33.0 115.4 99.3 21.6 46.9 105.8 98.6 17.1 50.6 18.8B 43.5AB 
T2 (FM) 126.7 118.6 15.3 37.4 109.4 100.7 21.7 47.9 118.9 108.7 16.3 49.4 17.8C 44.9A
T3 (M) 134.1 124.9 21.9 39.7 122.6 97.9 26.2 42.9 141.5 128.8 24.6 46.5 24.2C 43.0B
Mean 131.6NS 110.1NS 20.1B 37.6B 121.5NS 105.1NS 23.9A 45.4A 121.8NS 107.1NS 20.9AB 48.3A

LSD: Depth 0-15 cm: Water (W) = 2.44*, T = 1.14*, W×T = 2.02*; Depth 15-30 cm: W = 5.58*, T = 1.38*, W×T = 2.34*. 
*Treatment differed significantly at P <0.05, Values in a column sharing same letter(s) are statistically similar at P <0.05,NS, Non significant difference among 
treatments at P <0.05. 
SSW = Saline-sodic water; CW= Canal water. 
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